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Introduccion

El sistema acomodativo del ojo humano permite enfocar objetos a diferentes
distancias. Segun la teoria de Helmholtz, para enforcar objetos cercanos, el musculo ciliar
se contrae y las fibras axiales de la zénula se relajan produciendo un aumento del espesor
y de la curvatura de las superficies del cristalino, principalmente de la anterior. En personas
emétropes o amétropes corregidas, este mecanismo permite ver nitidamente tanto de lejos
como de cerca hasta aproximadamente entre los 40 y 45 anos, cuando el maximo poder

acomodativo no permite ver confortablemente a distancias cercanas.

Las soluciones para corregir esta deficiencia éptica pasan por diferentes alternativas,
todas ellas dirigidas a aumentar la potencia del ojo en vision cercana. En el terreno de la
cirugia ocular, se practican diferentes técnicas, como la cirugia refractiva multifocal. En
personas con cataratas, al reemplazar el cristalino por lentes intraoculares, se puede optar
por diferentes opciones, como monovisioén, lentes mulltifocales, y ultimamente también se
esta experimentando con lentes acomodativas que aprovechan el mecanismo de
contraccién-relajacion residual del musculo ciliar para desplazar la lente hacia delante en
visién cercana. Con lentes de contacto, también se puede optar por la monovisién o lentes
multifocales. Sin embargo, estas técnicas no son exitosas en un numero importante de
pacientes, debido a la dificultad del sistema neuronal para anular la visién de un ojo, o bien
eliminar las imagenes desenfocadas que se superponen a la nitida. La opcion tradicional, y
la que menos rechazos genera, son las lentes oftalmicas monofocales en gafas con la
potencia adecuada para ver comodamente de cerca. Desde hace mas de dos siglos, las
lentes bifocales en gafas es otra opcidén muy recurrida y con buenos resultados de
adaptacion, aunque a partir de los 55 afios no cubren la vision a distancia intermedia. La
alternativa son lentes trifocales que apenas se utilizan en Europa por razones estéticas y

por los continuos saltos de imagen que se producen en los limites de las zonas de vision.

Finalmente, la alternativa que mas ha crecido en las ultimas décadas son las lentes
de potencia progresiva. Estas lentes para gafas proporcionan una vision continua a todas
las distancias debido a un cambio progresivo de potencia desde la zona superior, que se
utiliza para vision de lejos, hasta la zona inferior, que se usa para vision de cerca, dejando
la zona de progresion de potencia para distancias intermedias. La empresa francesa Essel
comercializé en 1959 la primera lente progresiva con éxito comercial. Como bien dictaminé
Minkwitz (1963), es imposible producir una superficie con potencia esférica progresiva sin
generar astigmatismo residual y distorsion. De hecho, en superficies progresivas simples, el
astigmatismo residual crece del centro a la periferia el doble de rapido que la progresion de

potencia, degradando la calidad visual en las zonas excéntricas. Para analizar la calidad
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Optica de las lentes progresivas se utilizan tres representaciones convencionales: lineas de
isocilindro, lineas de isopotencia y el perfil de potencia. La primera y la segunda nos
permiten evaluar la distribucion de astigmatismo y la distribucion de potencia
respectivamente, y la ultima nos muestra la progresién de potencia en la linea umbilical de
progresion. El astigmatismo residual periférico es mayor cuanto mayor es la adicién
(potencia esférica afiadida a la refraccion de lejos para ver de cerca) o cuanto menor es la
longitud de progresién de potencia. Hoy en dia las maquinas de control numérico, permiten
fabricar cualquier disefo tedrico. Sin embargo, el astigmatismo sigue siendo un handicap
para los disenadores. Existen disefios “duros”, en los que las zonas de lejos y cerca son
amplias, pero el astigmatismo residual crece muy rapidamente hacia la periferia, y otros
“suaves”, en los que el astigmatismo crece mas lentamente en detrimento de la anchura de
las zonas de lejos y cerca. Por lo que respecta a la evaluacién Optica de las lentes
progresivas, se han usado diferentes técnicas como la interferometria, deflectometria
“Moiré” o frontofocometros, que permiten medir las lentes aisladas sin tener en cuenta el
ojo. Si bien el astigmatismo residual en diferentes zonas de las lentes progresivas se ha
medido en algunos estudios anteriores, por lo que respecta a las aberraciones de alto orden
no hemos encontrado en la bibliografia medidas experimentales. En relacién a la evaluacion
visual de las lentes progresivas, los estudios anteriores confirman la disminucién de la
agudeza visual (AV) en zonas excéntricas, aunque para las tareas diarias no supone un
inconveniente en la mayoria de casos. De hecho, entre un 10 y un 15% de los usuarios de
lentes progresivas pueden tener problemas de adaptacién debido a diferentes factores:
astigmatismo, distorsién, movimientos de ojos-cabeza, errores de desenfoque y quiza

también por las aberraciones de alto orden.
Objetivos

El primer objetivo de este trabajo es medir las aberraciones espacialmente resueltas
en lentes progresivas, tanto aisladas como combinadas con el ojo. Para ello
desarrollaremos un sistema con un sensor Hartmann-Shack (HS), que por su robustez y
precision se esta utilizando durante los Uultimos afios para medir y caracterizar las
propiedades O6pticas oculares. A continuacion, analizaremos el posible acople de las
aberraciones de la lente y las del ojo. También compararemos las aberraciones de las
lentes con las de los ojos présbitas. Al sistema se le incorporara un brazo extra que nos
permitira medir la AV (de alto y bajo contraste) a través de diferentes zonas de las lentes
progresivas bajo condiciones Opticas controladas, y asi estimar el impacto de las
aberraciones en la calidad visual. Se correlacionaran distintos parametros épticos (tanto de

la lentes aisladas como combinadas con los ojos) con la AV, para asi poder establecer la
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métrica optica que mejor predice el comportamiento visual. Ademas, adaptaremos lentes
progresivas a personas présbitas y mediremos la posible adaptacion a las aberraciones.
Con el fin de establecer diferencias entre los distintos disefios actuales, se mediran las
aberraciones en tres lentes progresivas de ultima generacion de tres casas comerciales

diferentes.
Métodos

El sistema experimental desarrollado utiliza un laser He-He de 543 nm, que una vez
que se refleja en la retina sale fuera del ojo hacia la lente progresiva, pasa por un
compensador de prismas y después por un sistema Badal (para corregir desenfoque) y
llega finalmente al sensor HS, formado por una matriz de microlentes (distancia focal 40
mm y apertura 0.6 mm) y una camara CCD. Para medir solo las lentes, se sustituye el ojo
por un espejo que dirige el haz de luz hacia la superficie posterior de la lente. Todas las
medidas se realizan replicando la posicion y la inclinacién de la lente con respecto al ojo
para reproducir las condiciones reales de visién. A partir de las imagenes de puntos
proporcionadas por el sensor HS, se obtienen las aberraciones de onda expresadas en
polinomios de Zernike hasta quinto orden. Se calcula el RMS (root mean square) de la
aberracion de onda, la PSF (point-spread function) y la razén de Strehl, como el cociente

del valor maximo de la PSF con y sin aberraciones.

Entre el sistema Badal y el sensor se monta el brazo auxiliar para las medidas de AV,
que se realizan utilizando la letra E en negro sobre fondo verde para poder correlacionar
con las medidas Opticas. La AV se mide con un test de eleccion forzada a partir del cual se
obtiene un ajuste sigmoidal del porcentaje de aciertos en funcion del tamafo de letra. El
valor de AV corresponde con el tamano que proporciona un 75% de aciertos. Las medidas
de AV decimal (1/MAR) se obtienen con pupila dilatada con tropicamida y se usan pupilas

artificiales de 3.0 y 4.5 mm de didmetro, y la letra E con contraste 100% y 15%.
Resultados

Aberraciones de onda en lentes progresivas: aisladas e in situ

Inicialmente se midieron las aberraciones de una lente Varilux Comfort (Essilor
International, Francia), con potencia cero en la zona de lejos y una adicion de 2 D. En un
principio, la lente se evallo aislada (sin 0jo) en 21 zonas a lo largo del pasillo de progresién
y zonas aledafas usadas a menudo en condiciones normales de visién. Para 4.5 mm de
pupila, el RMS total (sin desenfoque), es de 0.1 um en las zonas centrales de vision de

lejos y cerca, en el pasillo de progresion oscila entre 0.1 y 0.2 um, y en las zonas periféricas

14



a 3 y 6 mm desde el centro del pasillo aumenta a 0.6 y 0.9 um respectivamente. Sin
considerar el astigmatismo, el RMS oscila entre 0.03 y 0.06 um, siendo mayor en las zonas
del pasillo donde la progresién de potencia es mayor. Estos valores corresponden
principalmente a los coeficientes de tercer orden (coma vy trefoil), siendo el resto, incluida la
aberracion esférica, despreciables. Por lo que respecta a la razén de Strehl, en las zonas
de lejos y cerca es alrededor de 0.5, bajando a 0.2 en el pasillo debido al aumento de coma,
trefoil y astigmatismo, cayendo a valores por debajo de 0.1 en las zonas periféricas debido
al aumento del astigmatismo. Las PSFs en las zonas de lejos y cerca son muy “puntuales”,
en las zonas del pasillo tienen forma comatica hacia abajo modificada por el trefoil, y en las
periféricas predomina la forma del circulo de minima confusién del astigmatismo con mayor
intensidad abajo debido al coma. Al comparar las aberraciones de tercer orden de la lente
con las tipicas en ojos présbitas, los valores son del mismo orden, alrededor de 0.05 um;
sin embargo, la aberracion esférica ocular es ligeramente positiva mientras que en la lente

es practicamente cero.

Por otra parte, al medir las aberraciones de las lentes progresivas en seis zonas
relevantes delante de dos ojos de personas diferentes, los valores de las aberraciones son
muy parecidos a cuando se suman directamente, por lo que la distancia de vértice entre la

lente y el ojo no influye demasiado en el acople de las aberraciones entre lente y ojo.

Impacto de las aberraciones de las lentes progresivas en la agudeza visual

A través de seis zonas de la lente progresiva Varilux Comfort, se midié la AV en tres
ojos jovenes (25-30 afios) con astigmatismo reducido y desenfoque corregido. En promedio,
la AV (para pupila de 4.5 mm y contraste 100%) en las zonas del pasillo son parecidas con
y sin lente progresiva, entre 1.2 y 1.4, en zonas a 3 mm del pasillo, la AV cae a 1.0,y a 6
mm es de 0.7. Al disminuir el tamafio pupilar y el contraste las diferencias entre las zonas
son menores, por ejemplo con pupila de 3.0 mm y 15% de contraste se pasa de AV

promedio en el pasillo de 0.7 a 0.5 en la zona a 6 mm de excentricidad.

Agudeza visual y parametros 6pticos

Al correlacionar los distintos parametros 6pticos con la AV, obtenemos que la mejor
prediccion la proporciona el logaritmo de parametros que evaluan la PSF de la imagen

sobre la retina (por ejemplo el logaritmo neperiano de la razén de Strehl).
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Adaptacion neuronal a las aberraciones de las lentes progresivas

Por lo que respecta al estudio de la adaptacion a las aberraciones de las lentes
progresivas, hicimos un seguimiento durante el primer dia (justo antes de la dispensacién
de las gafas, y después de 2 y 7 horas) y la primera semana (a los 2, 5y 7 dias) en cuatro
sujetos présbitas (entre 43 y 51 afios) a las que se les adapté la lente progresiva Varilux
Panamic (Essilor). Se midi6é la AV (contraste 100%) en tres zonas, una en el centro del
pasillo, otra a 3 mm hacia el lado nasal y la otra a 6 mm hacia el lado temporal. El valor
promedio de AV de los tres sujetos cuyas lentes tenian una adicion entre 2.0 y 2.25 D, fue
de 1.0 en el pasillo, de 0.8 a 3 mm hacia el lado nasal y de 0.6 a 6 mm hacia el lado
temporal, siendo el valor de astigmatismo en la lente aproximadamente 0.15, 0.80y 1.70 D
respectivamente. Aunque en el transcurso de las primeras horas y dias encontramos una
ligera mejoria en la AV a través de las zonas excéntricas, estos cambios estan por debajo

de los errores experimentales, y por lo tanto no se pueden considerar significativos.

Comparacion optica entre lentes progresivas de ultima generacion

En la comparacién de tres lentes progresivas de distintas casas comerciales,
encontramos en todas ellas valores parecidos de coma y trefoil, pero distinta distribucién de
la aberracion astigmatica. En una de ellas se prioriza la calidad éptica periférica, en otra la
vision binocular (menos aberraciones en zona temporal) y en la tercera la vision central. Sin
embargo, si se suman los valores de astigmatismo de todas las zonas medidas, el valor es

muy parecido.
Conclusiones

Hemos desarrollado un sistema para medir las aberraciones en diferentes zonas de
cualquier lente oftalmica, tanto aislada como delante del ojo. En el presente trabajo este
sistema se ha utilizado para medir lentes progresivas replicando condiciones normales de

vision.

Ademas del astigmatismo que aumenta periféricamente, también hemos encontrado
pequenos valores de aberraciones de tercer orden, coma y trefoil, que disminuyen

ligeramente conforme nos alejamos de la linea umbilical de progresiéon de potencia.

La calidad optica de los ojos mirando a través de una lente progresiva se puede
predecir con bastante exactitud sumando las aberraciones de la lente y el ojo. Este acople
entre las aberraciones de la lente y las del ojo pueden cambiar significativamente la calidad

Optica de los dos elementos por separado. De hecho, en las lentes progresivas aisladas la
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calidad éptica disminuye rapidamente hacia la periferia, mientras que cuando se acoplan las
aberraciones oculares el cambio es mas suave. Esto supone que la caida de AV en zonas
excéntricas sea menor de lo que se podria prever suponiendo uUnicamente el deterioro

optico de las lentes progresivas.

Los pequefos valores de coma y trefoil presentes en las lentes progresivas unidos a
los pequefos diametros pupilares caracteristicos de personas présbitas, producen un bajo
deterioro de la calidad de imagen retiniana, lo que conlleva a que estas aberraciones
tengan poco impacto en la AV. Esto supone que en la zona del pasillo de progresién, donde
el coma y el trefoil tienen valores parecidos al astigmatismo, la AV no difiere de la obtenida

en ausencia de lente.

El logaritmo de métricas sobre la PSF de la imagen retiniana del sistema lente con
ojo son las que mejor predicen la AV con alto contraste. Esto sugiere que las prestaciones
visuales de las lentes progresivas se podrian mejorar si los disefios se personalizaran
segun las aberraciones oculares de cada persona, utilizando parametros como el logaritmo

del volumen de la PSF o el de la Razén de Strehl.

Estudios anteriores han demostrado la existencia de la adaptacién a la distorsion,
inclusive en el caso de las lentes progresivas, y también la adaptacién a cambios estables
en las aberraciones oculares. Sin embargo, nuestros resultados muestran una ligera
mejoria, pero no significativa, en la AV al mirar por zonas periféricas de las lentes
progresivas durante la primera semana de adaptacién. Es decir, parece ser que el sistema
visual tiene dificultad para adaptarse a los multiples patrones de aberracién, uno por cada

direccién de mirada, a los que esta expuesto el 0jo, al menos durante la primera semana.

Por lo que respecta a las diferencias entre los disefios de ultima generacion que se
comercializan, el valor global de aberraciones es parecido, pero distribuidas de forma
diferente dependiendo de la filosofia del disefio. Las aberraciones de las lentes progresivas
se comportan como un colchon de agua, donde el agua es el astigmatismo que se puede

mover pero no eliminar.
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1. 1 OPTICAL SYSTEM OF THE HUMAN EYE

The visual system permits humans to detect and interpret information from visible light
reaching the eye. In the first part of this system, the optics of the eye focuses the light onto a
light-sensitive membrane, the retina. The optical system of the eye is formed by two lenses,
cornea and crystalline lens, and a diaphragm called iris. In the retina, the photoreceptors
cells, rods and cones, are directly sensitive to light, and a complex processing produces
action potentials in retinal ganglion cells whose axons form the optic nerve. The neural
signals are sent out the optical nerve through the optic chiasm to the lateral geniculate
nucleus and then to the back of the brain, specifically to V1 Primary visual cortex. The fovea
is the responsible of the central sharp vision. It has a diameter of about 1 mm with high

concentration of cones [Kaufman and Alm 2003(a)]

The main parts of the eye are shown in figure 1. The cornea has a high refractive
power, around 42 D in average, and the crystalline lens has around 22 D to focus far
objects. However, in young people, this lens can increase its power above 30 D to focus
objects at near distances. The diameter of iris aperture (pupil) varies between 1 and 10 mm
depending on illumination conditions, but in older people, pupil sizes larger than 5 mm are
not common. The aqueous and vitreous humours fill the spaces between cornea and lens,

and between lens and retina, respectively [Le Grand 1964].

Posterior
chamber

Anterior chamber
(Aqueous humour)

Vitreous
Humour

Sclera

Fovea

Optic nerve

Figure 1. Parts of the human eye.
(Image published in Kimber DC, Gray CE, Stackpole CE. Anatomy and Phystology, 1966,
MacMilar Co, NY, pg 335)
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When a collimated beam, from a far object, is focused in the retina, the eye is
emmetropic. But if the beam is focused in front of retina, the eye is myopic and if it is
focused behind, the eye is hyperopic. In addition to these refractive errors, the human eyes
also have other optical defects called high order aberrations which have been widely studied

in the last years.

1.2 PRESBYOPIA AND ITS CORRECTION

1.2.1 Accommodation and presbyopia

Accommodation is the dynamic ability of the human eye to change its power to focus
objects at varying distances. This mechanism is due to the change of shape of the
crystalline lens. The accommodative system of the eye consists of the ciliary body, the
ciliary muscle, the zonular fibers, the lens capsule and the crystalline lens (figure 2). Our
present understanding of the mechanism of accommodation is based on the theory of
Helmholtz. When the eye accommodates, the ciliary muscle contracts and the ciliary body
moves forward and toward the axis of the eye. This tension is translated to the peripheral
zonular fibers. However, the tension on the axial zonular fibers is reduced and the lens
capsule molds crystalline lens into a more spherical form. The lens thickness increases, lens
diameter decreases and the curvature radii, specially that of the anterior surface, decrease.
This results in an increase of the positive power of the lens [Kaufman and Alm 2003(b),

Atchison 1995]. Figure 3 is a simple diagram of this accommodative mechanism.

Figure 2. Scanning electron micrograph (SEM) of the accommodative apparatus of a
cynomolgus monkey eye. Z, zonular fibers; L, crystalline lens; CP, ciliary processes; CB,
ciliary body; S, sclera; SC Schelmm'’s canal.

(Image published in [Kaufman and Alm 2003(b)] from Rohen JW: Invest Ophthalmol Vis
Sci 1979; 18:137).
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Unaccommodated

CB

Cilary Z
muscles
relaxed,
fibars taut,
lens at
minimum
strength for
distant
vision,

Accommodated

Ciliary
muscles
contracted,
fibers

slack, lens
rounds to
graater
strength for
close vision.

Figure 3. Helmholtz accommodative mechanism. Z, zonular fibers; L, crystalline lens; CB, ciliary
body; I, iris; C, cornea.
(Picture obtained from HyperPhysics (©C.R. Nave, 2006), Georgia State University)

Presbyopia is the age-related loss of the ability to accommodate. Duane (figure 4)

found that presbyopia starts early in life. But
emmetropes (or people corrected for far
vision) start to feel the symptoms of this
visual degradation from between age 40
and 45 years, because of the maximum
accommodation doesn’t give enough
positive power to see comfortably at close
distances. Nowadays, it is not yet clear the
factors that cause the presbyopia. The main
theories deal with the lenticular sclerosis
and the altered geometry of the lens/zonular
relationships due the increased growth of

the lens [Kaufman and Alm 2003(b)].

1.2.2 Surgical solutions
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Figure 4. Range of accommodative amplitude
as a function of age obtained by Duane (1912).

Apart from ophthalmic lenses for spectacles and contact lenses which will be treated in

particular points, in the following, | describe briefly the current corrections of presbyopia

using surgery [Murphy 2003] on the cornea and implanting intraocular lenses.
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— Cornea surgery

Conductive keratoplasty consists of creating a ring of application spots around the
periphery of the cornea using a hair-thin probe into the stroma to release radiofrequency. It
shrinks the peripheral tissue and increases the curvature of the central cornea. This
technique creates monovision, because it is only applied in the non-dominant eye which will
be used for near vision. The main problem is a progressive amount of regression that can be

interpreted as the natural progression of presbyopia or even the progression of hyperopia.

The other possibility with the cornea is the multifocal ablation (presbyLASIK). This
technique has the same problems that the multifocal contact and intraocular lenses, and
moreover the ablation is not reversal. Until now, this solution is not giving good results.

Indeed, it is not still clear the better zones of the ablation for near and far vision [Kent 2005].

— Intraocular lenses

Posterior chamber intraocular lenses (IOLs) are the artificial lenses that replace the
eye’s natural lens that is removed during cataract surgery. Standard IOLs are monofocal,

and so have the adequate power for one distance only.

Multifocal IOLs are an option for pseudophakic eyes. There are three type of lenses
[Fuerst 2006, Lavin 2001]: zonal refractive, diffractive and combinations. The first type
consists of concentric changes in curvature. Diffractive IOLs have concentric edge junctions
producing different focal points for distance and near distances. The last alternative is the
combination of refractive and diffractive zones in one IOL, for instance, a central diffractive
zone for both near and distance foci and a peripheral refractive zone for distance vision
[Fuerst 2006]. Figure 5 shows an example of these type of lenses, with the diffractive rings
in detail. In general, the users of recent designs of multifocal IOLs can achieve acceptable
near vision VA [Chiam et al. 2007, Vingolo et al. 2007], 0.5 or better, but these lenses with
different foci present some disadvantages [Vingolo et al. 2007, Fuerst 2006] such as glare
and haloes, low contrast sensitivity, limited vision for some viewing distances and visual
limitations due to uncorrected astigmatism higher than 0.5D. In addition, small pupil sizes
and the common decentrations produced in the lens implantation reduce the optical and

visual performance of this type of lenses [Hayashi et al. 2001].
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Diffractive rings

— TS NN et

Figure 5. Alcon’s ReStor Apodized Diffractive/Refractive 10L.
(Images published in [Fuerst 2006])

Several studies have demonstrated that the remaining constriction and relaxation of
zonules changes posterior capsule tension and moves the I0OL along the anterior—posterior
axis. In the accommodation state, the lens is moved from posterior to anterior position. In
teenagers with congenital cataracts operated, the average shift is around 0.42 mm, and for
this value of lens movement the apparent accommodation ranges between 1 and 6 D
depending on the subject [Lesiewska-Junk and Kaluzny 2000]. Figure 6 shows an example
of an accommodative I0OL (CrystaLens, model AT-50) with grooved hinges in the plates to
make easier the lens movement. In older pseudophakic subjects using this accommodative
lens [Marchini et al. 2004], the lens shift is also less than 0.5 mm, and most of them reach
an accommodation amplitude between 0.5 and 1.5 D. Preliminary clinical results have
shown that in most implanted eyes with this type of lenses, the near visual acuity ranges
between 0.7-0.4 in decimal scale. In some people, these values of visual acuity permit to
perform daily activities without glasses, but they can not see sharply in near vision for
precision activities such as reading. On the other hand, calculations in model eyes [Hunter
et al. 2006] show that a forward movement of 0.5 mm can only produce a positive change in
power between 0.25 and 1 D. The rest of apparent accommodation could be due to the
larger focus depth in presbyopic eyes due to senile myosis. Some authors have suggested
the implication of third order aberrations of the cornea in the increase of apparent
accommodation of pseudophakic eyes [Oshika et al. 2002]. Furthermore, these
accommodative lenses are still controversial, since experiments in humans with
accommodation estimated with pilocarpine reported a counterproductive backward shift of
the AT-45 I0OL [Koeppl et al. 2005].

Recently, in order to increase the power change, some companies have developed
dual-element I0Ls which consist of either two positive lenses or a combination of a plus and
a minus lens. Clinical trials [Ossma et al. 2007 ] with one of this type of lenses show a range
of accommodation from 1.00 to 5.00 D and a range between 1.00 and 2.50 D in a control

group with monofocal IOL. The intraocular system of figure 7 consist of two lenses, the
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posterior minus lens stays fixed at the posterior capsular bag and the anterior positive lens

moves forward, allowing near vision.

Figure 6. Accommodative IOL: CrystalLens (model AT-50)
from Eyeonics (Aliso Viejo, California, USA)

(Images published in [Doane and Jackson 2007] by
Courtesy of EyeOnics.)

Figure 7. Dual optic accommodating IOL: Visiogen
Synchrony from Visiogen Inc. of Irvine (California, USA).
(Images published in [Doane and Jackson 2007] by
Courtesy of Visiogen)

Other techniques to restore the accommodation in pseudophakic eyes consist of filling
the capsular bag with soft gel-like materials [Doane and Jackson 2007]. In a particular
design, the lens material is pressed through the natural pupil decreasing the anterior radius

of the lens. In primates, this lens has produced an enormous accommodation around 40 D.

The accommodating and multifocal IOLs are designed supposing that patients achieve
emmetropia for distance vision. However, at present, precise IOL distance power selection
is a problem unsolved due to inaccurate preoperative measurements, postoperative corneal
astigmatism or unstable axial position of the IOL. So, around half the patients implanted with
IOLs may have residual refractive error higher than 0.5 D and they would need spectacles
for optimal distance vision [Brandser et al.1997, Olsen 2007]. In the near future, this problem
could be solved using light-adjustable I0Ls [Schwartz et al. 2003, Sandstedt et al. 2006]
whose refractive power can be modified after cataract surgery illuminating the lens with UV
light.
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1.2.3 Contact lenses

An alternative solution for presbyopia without need of surgery is multifocal contact
lenses. As in IOL, the contact lenses (CL) for presbyopes have multiple powers positioned
within the pupil to focus near or distance objects suppressing the most blurred images. The
majority of designs available are based on changes of curvature [Bennett 2008] which can
be aspheric or concentric. Figure 8 shows examples of the gradual change of power in
aspheric design and annular zones in concentric design. The choice of the central zone for
near or distance vision is still a controversial issue and both options are commercialized.
Although some clinical reports claim high success rates (around 75%), these type of
corrections have some disadvantages such as the intersubject variability of pupil sizes that
is the base of the lens performance, limitations in visual quality due to the decentrations, and

the lack of stability in astigmatic corrections.

Similar to bifocal lenses for spectacles, the translating CLs have two vertical zones
where the near prescription is on the bottom (figure 8). When patient looks down, the lens
remains supported by his lower lid, so he uses the lower portion of the lens. But, these
lenses cannot be used for intermediate-range visual tasks such as computer work
[DeFranco 2008].

ASPHERIC

CONCENTRIC TRANSLATING

distance

distance distance

Figure 8. Examples of different designs of multifocal contact lenses
(Images published in this web site: www.allaboutvision.com)

1.2.4 Monovision

Monovision is another option to avoid the use of spectacles. It consists of wearing
near correction in one eye and distance correction in the other eye. This technique can be
applied in corneal refractive surgery (such as LASIK), in cataract surgery and with contact
lenses. A major problem with monovision is a reduction in stereopsis. An adaptation period

is recommended to see independently with each eye.

36



1.3 OPHTHALMIC LENSES

In this section, different options for correcting presbyopia using ophthalmic lenses are

revised.
1.3.1 Reading glasses

The use of spectacles with monofocal lenses for near work is the simplest solution for
presbyopes. Reading glasses give patients a clearer and wider near visual field than any
other option, without an adaptation period. However, if the subject needs eyeglasses for
correcting distance vision, he must use different spectacles for near and far vision. For
example, he will be unable to read and watch television at the same time. The use of two
spectacles in ametropic patients and the lack of clear vision for intermediate distances in

many presbyopes over the age of 50, are the two main disadvantages of reading glasses.
1.3.2 Multifocal lenses: bifocals and trifocals

The solution to the problem of two glasses for ametropic presbyopes was invented by
Benjamin Franklin [Tunnacliffe 1993] around 1785. It consisted of two separate lenses
which were cut in half and placed together in a frame, the upper one for distance vision and
the other for near vision. Since then many types of bifocal lenses have been developed to
combine the distance portion, also called main lens, and the reading zone that is also called
segment [Jalie 1994, Tunnacliffe 1995]. The fused bifocal appeared in 1904, and nowadays
it is still one of the most popular designs. The reading addition is produced by fusing a
segment lens of higher refractive index glass into a depression worked on the main lens.
Before 1910, bifocals lenses were manufactured in a single piece of glass with different
curvature for distance and near portions. At present, these lenses, called solid bifocals, are
mainly fabricated in plastic materials, with the change of curvature in the first surface of the
lens. Figure 9 shows a bifocal lens with a near portion with a curved top. Nowadays, this
bifocal is very common and it can be found in fused glass or in plastic material from a single
lens (solid). In general, bifocal lenses are fitted with segment top at the level of the lowest
point of the corneal-scleral limbus in primary position of gaze [Tunnacliffe 1993], as is shown
in figure 9. The horizontal position of the top must coincide with near pupil centre. So,
patients have a wide visual field in far vision, and when the eyes rotate downwards and
converge for near vision they look, more or less, through the centre of the segment.

Presbyopes using bifocal lenses have a good visual quality for both distance and near tasks.
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Fused Solid

Figure 9. Example of bifocal lens for glasses with curved near portion fabricated with
fused segment or in a single lens with different curvatures (solid)
[Tunnacliffe 1995]

The optical centre of the segment is localized in the centre of the circle that circumscribes
its actual shape. Due to the different prismatic effects between far and near points closer to
segment top, patients perceive an image jump when they change from far to near vision. So,
this effect is null in flat tops. For 2 D of addition power in the segment, the image jump is
around one prismatic dioptre in curved tops and more than two prismatic dioptres in round
segments. After 50 years of age, the ability to accommodation is reduced to such an extent
that bifocal wearers cannot focus objects at intermediate distances properly neither through
the distance portion nor through the segment [Tunnacliffe 1995]. A possible solution is
trifocal lenses which include an intermediate portion between the upper distance and lower
reading portions. Nevertheless, this type of lenses has a reduced vertical field of view
through the three zones and two image jumps. Indeed, in Spain, most practitioners barely
dispense one pair of trifocal lenses per year. Other important drawback of bifocal and trifocal
lenses is the cosmetic appeal, because the segment is seen on the face and, besides many

presbyopes do not want to reveal their age.

1.4 PROGRESSIVE-POWER LENSES (PPLS)

Progressive addition lenses (PALs) or, as we will refer within this thesis, progressive
power lenses (PPLs) is an alternative to bifocal and trifocal lenses. These are designed to
provide continuous vision at all distances by means a progressive change in spherical power
from upper to lower zones. PPLs are being increasingly used today to correct presbyopia.
Around a third of presbyopic population living in Europe and in USA uses progressive
lenses. The rest of the Europeans use mainly single lenses (60%), while bifocals are more
used in the USA (40%) [Meslin 2007].
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The first progressive lens was successfully commercialized by Essel (now called
Essilor) in France in 1959. The front surface had a spherical upper portion and a continuous
shortening of the radius of curvature from intermediate to lower portions allowing a
progressive increase of positive power (figure 10). The main problem of progressive lenses
is the presence of peripheral astigmatism induced by the continuous change in power
through the lens. This inherent defect in design was well recognized from the early days:
Minkwitz [Minkwitz 1963] stated that it was not possible to produce a progressive spherical
power surface without astigmatism and distortion being present at some point. Residual
astigmatism degrades vision through some parts of the lens and may play a role in reducing

the success of the adaptation process.

y

£1.00  +42.00 +3.00 ~

Figure 10. First commercialized PPL by Essel in 1959. (a) Different zones : distance portion ,DP;
progression zone, PZ; and reading portion, RP. (b) Evolution of centres of curvature in the
progression zone , PP’, from distance to near portions.

[Jalie 19941

To verify and to mount the PPLs in frames, two different types of makings are found:
visible and invisible markings (see figure 11). The first ones are removed after mounting. In
the upper area of the lens, the cross fitting and horizontal lines are the reference points for
mounting, while the upper and dower circles are for checking the powers of the distance and
near prescriptions respectively [Jalie 1994, Brooks 1983]. Because the front progressive
surface has gradually reducing radii of curvature towards the bottom of the lens, the lower
edge thickness is noticeably less than the thickness of the upper edge. Nowadays, the
second surface of PPLs is tilted with respect to the first one in order to remove this excess
thickness. So, a prismatic power of 0.6A base down per dioptre of addition is induced [Jalie

2000]. The prismatic power is measured in a painted point just under the fitting cross.
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Figure 11. Marks in progressive lenses. After mounting, all marks are removed. To
reconstruct the spotting, the hidden etch marks (in red) should be located by holding the
lens under a bulb and placed on a verification card provided by the manufacturer.

1.4.1 Isocylinder and isopower lines. Power profile

To study the optical properties of PPLs and to compare different designs, three
conventional diagrams are normally used [Tunnacliffe 1995]: isocylinder lines, isopower
lines and power profile (figure 12). Isocylinder graphs show lines joining those points where
astigmatism is the same (normally in steps of 0.5 D). The different zones of a PPL are
delimited by the first 0.5 D isocylinder lines. We can estimate the widths of the distance,
near and progression zones depending on the height on the lens, and we also can locate
the zones with unwanted astigmatism. On the other hand, isopower lines show how the
addition power (spherical power difference from far prescription) is distributed over the lens,
normally in steps of 0.5 D. Evidently, the width of reading zone can be also delimited by the
isopower line corresponding to addition power needed for reading. The power profiles show

how the addition increases along the progression corridor (also called umbilical line).
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Figure 12. Typical graphs to evaluate the optical characteristics of progressive lenses. Lens (a) is
a hard design and lens (b) is a soft design. [Tunnacliffe 1995]

1.4.2 Reading addition

In PPLs prescription, it is important to remind the importance in the selection of the
addition power.

In clinical optometry, there is an old rule of that a person will find close work to be
comfortable if no more than one-half of the accommodative amplitude must be used
[Grosvernor 2002]. These estimations are useful for corrections with single or bifocal
spectacle lenses. Nevertheless, in the case of PPLs the near-addition power must be the
minimum necessary to see clearly at near distances. If the near prescription addition is

higher than the exact value, patients will have adaptation problems because of two reasons.
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Firstly, the peripheral astigmatism increases with the addition values. Moreover, to minimize
the ocular effort in the rotation, the eyes will look through the first zone of the progression
corridor with the exact addition. In this area the visual field is more restricted due to the fast
increase of peripheral astigmatism from the centre of the corridor. Figure 13 shows the
isocylinder plots of two PPLs with a near addition of 2.00 and 2.75 D. For people between
the ages 50 and 55, the accommodative amplitude is around 1.5 D. If they need a total
positive power of 3.5 D, the prescription of reading addition for single or bifocal spectacle
could be 2.75 D. If this same prescription is dispensed in PPLs, the subject will look through
the red circle of figure 13b which is very limited by the peripheral astigmatism. However, if

we prescribe the exact addition power of 2.00 D, the subject will use the wider area

il

designed for near vision, figure 13a.

Figure 13. Graphs of 0.5 D-isocylinder lines of PPLs with reading additions of 2.00 and
2.75 D. The red circle indicates the zone used by a subject with a accommodative
amplitude of 1.5 D to see clearly objects at a distance of 28.5 cm (vergence of 3.5 D)

1.4.3 Designs of PPLs

— Early designs

From the beginning of twentieth century, multitude of designs has been proposed to
improve optical and visual performance of progressive lenses mainly limited by peripheral
astigmatism. In this point, we revised the designs of the first part of the 20" century [Sullivan
and Fowler 1988].

In 1907, Aves patented the first design of PPL. It consisted of a biconvex lens with two
conical surfaces. One was the lower half of an ellipse with vertical axis, resembled a cylinder

with horizontal axis in which the power increases downwards. The other one consisted of a
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convex conical section with a horizontal increment of curvature downwards. But this lens

corrected only hyperopia and could not incorporate astigmatic corrections.

In 1920, Poullain and Cornet produced a progressive single surface, known as
“elephant trunk”. This type of surface, shown in figure 14, is not a surface of revolution what
supposed important limitations of manufacturing at early part of the twentieth century. A
combination of progressive cylindrical surfaces employed by Aves produce the same effect
as the “elephant trunk” surface [Volk and Weinberg 1962]. An example of this is shown in
figure 14. In the central part of the power progression, there is only a spherical power

change, but in peripheral zones the unwanted astigmatism increases quickly.

Figure 14. Example of “elephant trunk” surface and, its power and astigmatism
distribution expressed by the combinations of progressive cylinders employed by Aves.
[Sullivan and Fowler 1988]

In 1914, Gowlland produced a progressive lens with an anterior toroidal surface and a
posterior paraboloidal surface. This lens was the first to be produced commercially. Bach, in
1958, proposed a new design with a better control of astigmatism. In this lens, a section of
an ellipse with horizontal axis was tilted to equalize the astigmatism at all points, and this

astigmatism was neutralized by a cylinder with opposite sign in the concave surface.

A concentric design, resembled a blended bifocal, were suggested by Paige (1918)
and patented by Beach (1946). It supposed an annular zone of progression with a poor

optical quality in the area between distance and near portions.
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— Current designs

Many different types of PPLs have been commercialized since Maitenaz designed the
first commercially successful PPL in the 1950s. As mentioned above, this lens was
commercialized by Essel under the name of Varilux. It consisted of a spherical far area
joined inferiorly to an “elephant trunk” construction which merged into a spherical near area.
This lens had high values of aberrations (astigmatism, distortion and field of curvature) in
peripheral zones. In 1970s, Maitenaz modified this design to reduce aberrations in the
lateral areas of the near portion, although to do this, he had to increase the aberrations in

the progression corridor [Sullivan and Fowler 1988].

PPLs designs are commonly described according to the astigmatism distribution over
the progressive surface. PPLs use to be grouped in either hard or soft progressive designs
(see figure 12) [Jalie 2000]. The lenses with hard design have wide astigmatism-free far and
near vision areas, but astigmatism rapidly increases away from the corridor at intermediate
zones. In the soft design, the astigmatism-free far and near areas are narrower but
introduced at a more gradual pace, producing a slower increase of astigmatism in the lateral
zones. First generation PPLs had a symmetrical distribution of astigmatism around the
corridor (symmetric design). However, since in normal binocular vision the eyes move a
slightly larger distance on the temporal side of a lens than on the nasal side, an asymmetric
design (see lens b in figure 12) was proposed in which astigmatism changed more gradually
towards the temporal area of the lenses [Tunnacliffe 1995]. Nowadays, moreover, for most
PPL designs, the distribution of unwanted astigmatism varies with the addition power taking
into account the differing needs of patients in different stages of presbyopia (also called
multi-designs). For instance, under the age of 50, the amplitude of accommodation is
sufficient to focus at all distances using only far and near zones, and the intermediate

portion of the PPL is not so important.

In relation to Minkwitz statement [Minkwitz 1963], a slower rate of the power change
provides a reduction in the astigmatism. So, sometimes, as shown in figure 12, the power
progression starts about 2 to 3 mm above fitting cross which should be placed at the pupil
centre with the eyes in the primary position. It supposes an additional correction of around

+0.2 D, which appears acceptable in practice.

Despite numerical control lathe machines being able to generate aspheric surface
sections, current designs of PPLs still present significant amounts of astigmatism. Beyond

astigmatism, the other higher order aberrations in PPLs have been much less studied.
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All designs noted above produce a power progression by a change in the shape of
the surface. From 1950, when Spiegel patented a method of producing optical glass with
variation of the refractive index [Sullivan and Fowler 1988], to nowadays, many designers
have studied the use of gradient-index materials to manufacture progressive lenses.

However, until now, any company commercializes this type of lenses.

1.5 OPTICAL QUALITY PARAMETERS

In this thesis, different optical parameters are used to describe the optical quality of

the PPLs and the eyes. These metrics are based on the wavefront aberration.

When a free-aberration system forms the image of a point object, a spherical wave
emerges from the exit pupil converging to the Gaussian image point. This surface passing
through the center of the exit pupil is the reference wavefront W,(p,0). If the system is
aberrated, the wavefront aberration WA(p,0) is expressed as the difference between the
optical path of its wavefront W(p,0) and that of the reference wave, on the exit pupil plane
(figure 15).

Gaussian
image plane

Exit pupil

>
|

Figure 15. The function of wavefront aberration WA(p,0) is expressed as the difference on the exit
pupil plane between the optical path of the actual wavefront W(p,0) and that of the reference
wavefront Wi(p,0). P,and P; are the corresponding points of WA(p,0) and PSF (r,) respectively.

(1]

R is the radius of the reference wavefront, and “a” is the pupil radius.
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The point spread function (PSF) is defined as the irradiance distribution of the
image of a point object. Assuming a uniformly illuminated aperture, the function exp[i¢(p,0)]
is the pupil function of the system. The PSF is proportional to the modulus square of the
Fourier transform (FT) of the pupil function. The phase aberration in the exit pupil plane,
d(p,0), is related to the wavefront aberration in the same plane according to
o(p,0)=2n/L)WA(p,0). In our experiments, we can consider that the exit and entrance pupil
coincide with the aperture of the system. Thus, the PSF in the Gaussian image plane is

given by this formula:

2

(1)
)

PSF(r,8)= ‘FT{exp(izTnWA(P’e)\}

where (r,$) and (p,0) are the polar coordinates in the image and pupil planes respectively,
and A is the wavelength. The Fourier transform integral for circular aperture gives the PSF

normalized to the aberration-free central irradiance [Mahajan 2001]:

2

PSF(r,B)= "2 I;j;ﬂexp{iz;\TWA(p,e)} exp[- i i; a rpcos(8- B)}pdpde ()

The elements, points and coordinates of Eq. (2) are shown in figure 15.

The Strehl ratio characterizes the overall system performance, it relates the axial
irradiance of the aberrated system and the system limited by diffraction. In this work, we
calculated the Strehl ratio as the quotient between the intensity peak in the system’s PSF
and the diffraction-limited PSF.

Zernike polynomials are widely used to describe the wavefront aberration. These
polynomials are orthogonal over the unit circle. In polar coordinates (p,0), Zernike
polynomials can be expressed as the product of angular functions and radial polynomials. In
[Born and Wolf 1999, Malacara 1992] the angular coordinate (0)is defined from the y
(vertical) axis. In Ophthalmic Optics, the angular position is specified from x (horizontal) axis,
commencing with 0 on the observer’s right-hand [Thibos et al. 2000]. Each polynomial is
composed of a radial-dependent polynomial and an angular-dependent sinusoidal

component. Thus the Zernike polynomials are defined as:
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Vn+1 R(p) if m=0

Z,(p.0)=2Z7(p.6)=1+2(n+1) R (p) cos(m6) if m>0 (3)

where R

~J2(n+1) R™(p) sin(me) if m<0

ml

» (p) is the radial polynomial expressed as:
n-ml)/2 s
R™ (p)=( Z:) (-1)°(n-s)! o2 (4)

= s!'[(n+im[)/2-s]![(n—|m[)/2-s]!

The radial coordinate (p) is normalized to 1 and the angular coordinate (6) ranges from 0 to

2m.

The Zernikes polynomials can be expressed with a single index (j), or with both the

radial degree (n) and the angular frequency (m). For the jth polynomial, the radial order and

the angular frequency are obtained as:

n =roundup

-3+./9+8
TOFNIHY) ; ol m=2j-n(n+2) (5)

Figure 16 shows the 3D representations of the aberrated wavefront up to forth radial

order.
Angular frequency
-4 -3 -2 -1 0 +1 +2 +3 +4
2
j— 3(astig.) 4 (desenf.) 5 (astig.)
0]
°
© 3
8
E 6 (trefoil) 7 (coma) 8 (coma) 9 (trefoil)
4
10 12 (spherical ab.)

Figure 16. 3D representations of the aberrated wavefront for Zernike coefficients from second

up to forth radial order. The Seidel aberrations corresponding to Zernike coefficients are also
noted between brackets.
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Table 1 shows the Zernike polynomials up to fifth order, that is the first 21%' Zernike

modes. The corresponding aberrations are also noted.

Index, | dsgi%is’l n freﬁﬂg#é?/i m Zernike polynomial Aberrations
0 0 0 1 Constant term (Piston)
1 1 -1 2psind Tiltin y direction
2 1 1 2pcoso Tilt in x direction
3 2 -2 \/gpzsinZG Astigmatism with axis at +45°
4 2 0 \/5(2p2-1) Defocus
5 2 2 \/E p200329 Astigmatism with axis at 0° or 90°
6 3 -3 \/§p3sin36 Vertical trefoil
7 3 -1 \/§(3p3-2p)8in9 Coma along y axis
8 3 1 /8 (3p*-2p)cosb Coma along x axis
9 3 3 \/§p3COS39 Horizontal trefoil
10 4 -4 V10 p*sin40
11 4 -2 V10 (4p*-3 p*)sin20
12 4 0 \/§(6p4-6p2+1) Spherical aberration
13 4 2 V10 (4p%3 p*)cos20
14 4 4 10 pcos40
15 5 -5 V12 p’sin50
16 5 -3 V12 (5p%-4p%)sin30
17 5 -1 V12(10p°-12p+3p)sing
18 5 1 V12(10p%-12p*+3p)cos6
19 5 3 J12(5p%-4p*)cos30
20 5 5 V12 p’cos50

Table 1. Zernike polynomials up to fifth order according to OSA standards [Thibos et al. 2000]
and the corresponding aberrations.

To an easier interpretation and manipulation of the Zernike polynomials, some

properties have to be taken into account [Malacara 1992]:

1. Each polynomial mode, except Cqy, has a mean value of zero.

2. The wavefront variance is equal to the sum of the variances of the individual

polynomial mode.
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3. Zernike polynomials present balanced aberrations. Each polynomial contains the
proper amount of each of the lower order terms needed to minimize the variance of
that term. For example, the polynomial Z, describes only the defocus of the circle of
least confusion, and the amount of defocus (represented by p?) needed to balance
high order terms, such as spherical aberration, is already included in the polynomial

describing those aberrations.

4. Adding or subtracting Zernike polynomials does not affect the fit coefficients of other

polynomials.

The wavefront aberrations can be also expressed by a power expansions in terms of
square polar coordinate (p) up to 4" degree in this way [Meeteren 1974, Wyant and Creath
1992]:

WA(p,8)= A, pcosB + A, p° + A, p° cos’0 + A, p° cosB + A, p* (6)

where aberrations are limited to tilt (A), defocus (A;), astigmatism (A;), coma (A;) and
spherical aberration (As). The primary or Seidel aberrations are also called third-order
aberrations, because the ray aberrations associated with wave aberrations of this order are
of the third degree in the coordinates [Born and Wolf 1999].

The Seidel coefficients (A;, A4, Aa...) can be expressed as functions of Zernike
coefficients (C4, C,, Cs, C4...). This is done by grouping the Zernike terms with the same
degree and equaling them with the corresponding Seidel coefficient [Wyant and Creath

1992]. The magnitude and angle for each primary aberration are shown in table 2.

Defocus, astigmatism and spherical aberrations can be expressed in diopters from the

Seidel aberrations [Meeteren 1974] (a is the pupil radius):

_-2A, -4A 7)

2

I
a a

where E, taking into account the positive sign of coefficient A4 in table 2, is the sphere of the
sphero-cylindrical form with negative cylinder. The value of this cylinder is I, that is the
Sturm’s interval. The negative cylinder axis is that shown in table 2. According to OSA
standards [Thibos et al. 2000 ], the wavefront aberration function must be positive (W>0) for

a myopic eye. In this case, the Zernike coefficient C, is positive and therefore our value of E
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is also positive. Thus, the sphero-cylindrical form obtained from E and | values
corresponds to the powers of the tested system. In the case of the eye, both isolated and in
combination with a ophthalmic lens, the sphero-cylindrical form express the powers with
opposite signs to the prescription. In the case of the isolated lens testing, the sphero-
cylindrical form directly gives the power signs of the lens. In Eq.(7) it is also shown the

longitudinal spherical aberration in diopters, S.

Coefficient Aberration Magnitude Angle
, 2C,+2y8C
A Tilt 2C, —24/8C.)2 +(2C. -24/8C,)? | tan’'| —1———T
t Jec, -2v8c, ) + (2, - 2V8C;) (ZCZ_Z .

2./3C, —6+/5C,, + /6C? + 6C?

positive sign to obtain the sphere of the

Aq Defocus

sphero-cylindrical form with negative cylinder

1 -C
P —tan{ 3 J
A, Astigmatism £26C; +6C; 2 Cs

sign opposite that chosen in defocus term Angle of the negative cylinder axis

(if Zs<0, then angle=angle+90°)

4 =-C
A Coma 3,8C; +8C3 tan 1[ c 7J
8

A, Spherical 6+/5C.,
aberration

Table 2. Magnitude and orientation of Seidel aberrations as function of Zernike coefficients.

On the other hand, the RMS is a parameter of the wavefront error that characterizes
the overall system performance. It is defined as the square root of the wavefront variance. If
the mean value of the wavefront surface is zero, such as a flat reference wavefront without
piston (Cy=0), the wavefront variance(oﬁv )is just the mean squared value of the wavefront

over the pupil [Malacara 1992]:

1 ¢ pom
03\,:;]‘0_‘; W?pdpd6 (8)

From the orthogonal properties of the Zernike polynomials, the wavefront variance is

equal to the sum of the variances of each polynomial mode that corresponds to the summing
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of the squares of the Zernike coefficients. Thus, we calculated the RMS as the root square of

the sum of the squares of the Zernike coefficients:

RMS = /o2, = [} C? ©)
3

In this thesis, for all optical measurements, we calculate Zernike coefficients up to fifth
order, the RMS of the WA, the PSF from the WA and the Strehl ratio.

1.6 OPTICAL TECHNIQUES FOR TESTING OPHTHALMIC LENSES

There are different methods for measuring and evaluating the performance of optical
elements. In the area of Visual Optics, several techniques are routinely applied for testing

contact lenses, intraocular lenses or ophthalmic lenses.

1.6.1 Lensmeters

These instruments are normally used to measure spherical, cylindrical and prismatic
powers in ophthalmic lenses. Several studies [Sheedy et al. 1987, Diepes and Tameling

1988] has been undertaken to evaluate PPLs using this kind of apparatus.

Objective
Lens under test A Ocular
Light source >
%.1 ............. 1o el _ Observer
—

Collimating | P.. = zP?
lens VP col

Figure 17. A schematic diagram of a lensmeter measring a positive ophthalmic lens. Fes is
the object focal point of lens under test, F., amd F’., are the object and image focal points of
the collimating lens respectively, T is the target, z is the displacement of the target, P,y is the

power of the collimating lens and P, is the posterior vertex power of the lens under test.

Figure 17 shows a schematic diagram of a manual lensmeter. The posterior surface of

ophthalmic lens under test is placed at the image focal point of the collimating lens (CL). The
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target (typically a crossed sets of lines) is moved from the object focal point of the CL up to
get its image through the CL at the object focal point of the tested lens. So, a collimated
beam arrives to the objective lens, and the observer sees sharply the target. Ocular lens
allows to correct the spherical refractive error of the observer. The power, measured from
the posterior vertex, of the lens under test is calculated as the product between
displacement (z) of the target and the square power of the CL. Conventional lensmeters has

a typical accuracy of 0.125 D.

1.6.2 Interferometers

There are many types of interferometers which could be used to test optical elements.
In particular, shearing interferometers are widely used for many applications [Leibbrandt et
al. 1996, Harbers et al. 1996] such as the testing of ophthalmic lenses [Wyant and Smith
1975]. In this method, the initial wavefront is duplicated and displaced laterally by a small
amount (figure 18). The interference between the original and the displaced wavefronts
gives the interferogram. The shape of the wavefront aberration can be determined from the
lateral shearing interferogram [Malacara 1992]. The precision of this instrument can be
controlled by varying the amount of shear. Figure 18 shows a lateral shearing interferometer
used to measure monofocal ophthalmic lenses [Wyant and Smith 1975] and examples of
interference patterns for different pure wavefront aberrations [Malacara 1992]. In the
interferometer shown in figure 18, the collimated beam is duplicated using a plane parallel
glass plate where part of the beam is reflected from the front surface and part of it is

reflected from the back surface. In the interferograms, we can see the both beams for

circular aperture and the fringes appear only in the area of overlap of the two wavefronts.

(@)

Ophthalmie
lens under

test

Laser

Interferogram

(image of lens)

Figure 18. Lateral shearing interferometer for measuring ophthalmic lenses [Wyant and
Smith 1975], and interferograms for: (a) flat wavefront, (b) defocus, (c) spherical aberration
and (d) coma with shear direction in horizontal axis [Malacara 1992].
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[Acosta et al. 2006] built a modified point diffraction interferometer (PDI) to test
ophthalmic lenses which allows to obtain interferograms of large areas of progressive lenses
(see figure 19). The PDI is a two-beam interferometer in which a spherical reference beam
is generated by a small pinhole that is located in a semitransparent coating. As shown in
figure 19, the wavefront coming from the lens under test passes through the

semitransparent coating and interferes with the reference wavefront.

Reference
Aberrated beam
wavefront
Microscope

Laser objective {\ =1
@
) )
b U/r\ sy
o
3

test

Figure 19. Experimental setup of a PDI used to measure ophthalmic lenses. In the interferogram of a
PPL, we can see the change of sign in defocus from the upper part (far zone) to lower part (near
zone) and the changes due to astigmatism near the progressive corridor [Acosta et al. 2006]

1.6.3 Ronchi tests

In 1923, the Italian physicist Ronchi describes at the first time this type of test to
evaluate the aberrations of mirrors. It consisted of a ruling placed near to the center of
curvature of the mirror and the image of the grating was superimposed on the grating itself.

It produced fringes patterns which depended on aberrations of the mirror [Malacara 1992].

A variation of this technique allows to measure other optical systems, such as
intraocular lenses. A diffraction grating is placed near to the image focal point of the lens
under test producing interferograms fringes on a screen. This method permits to measure
the power of the monofocal and bifocal intraocular lenses with high precision, less than 0.1
D [Gonzalez et al. 1997], and also high order aberrations. To measure the spherical
aberration [Carretero et al. 1992], the most predominant in intraocular lenses, the diffraction
grating is moved slowly up to get a “fusiform” pattern with a very broad central fringe, as is

presented in figure 20. In this position, the paraxial defocus is zero and the spherical
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aberration is calculated from the direct relation between wavefront aberration and the

interferogram.

Disphragm (5 mm)

Grating

He-Ne LASER

Pinhole

L.O.L.

Collimator (f = 200 mm)

Screen

Figure 20. An experimental setup of the Ronchi test using a diffraction grating to
measure the spherical aberration of intraocular lenses (I0OL), and Ronchi interferogram
with spherical aberration in absence of defocusing [Carretero et al. 1992]

1.6.4 Moiré deflectometry

In this kind of systems, the wavefront coming from the element under test passes
through two gratings forming a moiré pattern. This technique can be used to measure both
optical elements in transmission and ophthalmic surfaces in reflection [Rottenkolber and
Podbielska 1996]. Figure 21 shows a setup of a moiré deflectometer which is prepared to
measure the corneal topography [Mejia-Barbosa and Malacara-Hernandez 2001]. In this
case, the lens L, focuses the collimated beam nearly on the centre of the corneal surface. If
the wavefront coming from cornea is not flat, after passing through the first grating (G1), a
distorted image of the grating is superimposed on the second grating (G2), producing a
moiré pattern that is projected on the CCD camera with the lens L,. The pattern gives
information about ray deflections that is used to calculate the slopes of the tested surface in
the direction perpendicular to the grating lines. But these calculations only allow to obtain
the wavefront aberrations in one direction. To obtain the complete wavefront aberration, it is
necessary to measure the ray deflections in two orthogonal directions. The accuracy of the
measurements depends on the distance between the gratings (d) and on the spatial

frequency (1/p) of the gratings.

To measure ophthalmic lenses, the initial collimated beam is replaced by a laser point
source. This is placed perpendicular to the lens surfaces and the axial position varies
depending on the power of the lens. The wavefront coming from the lens pass through the
two gratings and form a moiré pattern on a diffusive screen. A commercial instrument

(Rotlex Class Plus lens analyzer) based in this technique measures local spherical and
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cylindrical powers with high accuracy [Sheedy et al. 2005]. In figure 22, we show an
example of the isopower and isocylinder maps of a progressive lens given by this

instrument.

Ly £ .

A

BS

— i

|
|
|

|
Collimated
beam

Figure 21. Basic morié deflectometer setup for measuring ophthalmic surfaces. BS is a
beam splitter, C is the surface under test (in this case the cornea), R is the curvature radius,
G1 and G, are the gratings, p is the grating pitch, d is the distance between gratings, L1 and

L, are lenses to focus the beams [Mejia-Barbosa and Malacara-Hernandez 2001]

sphere [IPNE]  cvinder HENEE)  addition IIPIPTY

| Cylinder 0.09

Figure 22. Examples of isopower and isocylinder maps of a PPL given by the Rotlex Class Plus
lens analyzer. This instrument is based in moiré deflectometry. Note the high precision in
contours maps of 0.09 D (Image published in the web site: www.rotlex.com/class.asp)

The experimental ray tracing is other method to measure the ray deflections. It

consists of obtaining the deflection of a narrow laser beam refracted by a lens, measuring
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the positions of the incident and refracted beam. The accuracy of this technique is better

when the ray positions are measured at two planes behind the lens [Canabal et al. 2001].

1.7 HARTMANN-SHACK (HS) WAVEFRONT SENSOR

Over the last few decades, researchers have measured the ocular optical quality using
several methods. In 1619, C. Scheiner devised the first optometer for measuring refractive
errors of the eye [Thibos 2000]. The Scheiner Disk was an opaque disk with two pinholes. If
an optically imperfect eye views through it, two images of a single point are formed on the
retina. When defocus is the only optical imperfection, a simple lens will be able to bring the
two retinal images into coincidence. [Smirnov 1961] was the first to measure the wave
aberration of the human eye. He measured the ocular wave aberration from subjective
measurement of the lateral aberration over the entire area of the entry pupil. [Howland and
Howland 1977] designed a subjective method consisting of relating the ocular image of a
grid through a crossed cylinder lens to the wave aberration of the eye. [Walsh et al. 1984]
modified this method by the addition of a beam splitter and a camera to permit objective
recording of the distorted retinal image of the grid. The retinal image quality has been also
measured using double-pass systems [Santamaria et al. 1987, Artal et al. 1995(a), Guirao et
al. 1999, Villegas et al. 2002]. [Iglesias et al. 1998] estimated the ocular aberrations using
double-pass retinal images recorded at different pupil diameters. Some works [Porter et al.
2001, Castejon-Monchdn et al. 2002] have reported on the wavefront aberrations (WAs) in a
large population using a HS sensor. [Moreno-Barriuso et al. 2001] compared three different
techniques to measure the ocular WAs: laser ray tracing, the spatially resolved
refractometer and the HS sensor. In the other hand, the maijority of current adaptive optics
systems for the human eye use a HS sensor to measure the WAs [Liang et al. 1997,
Fernandez et al. 2001]. In some of these prototypes, the ocular aberrations are
compensated by use of deformable mirrors [Liang et al. 1997, Fernandez et al. 2001],
technique also used in the telescopes to compensate the optical turbulence of the earth’s

atmosphere.

In addition to testing the ophthalmic elements in optical bench, some studies have
estimated the optical performance of contact lenses and IOLs with the eye (in situ). Eyes
implanted with both monofocal and bifocal IOLs were measured with a double-pass system
[Navarro et al. 1993, Artal et al. 1995(b)]. The image quality in eyes with contact lenses was
also estimated by using a double pass apparatus [Artal et al. 1999] and a HS wavefront

sensor [Hong et al. 2001].
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In this thesis, the wavefront aberrations of progressive lenses, both isolated or in
combination with eyes, will be measured using a home built system with a Hartmann-Shack

sensor. So, in the following, we undertake an exhaustive revision of this technique.

1.7.1 Revision and description of HS sensor

In 1900s, an astrophysicist named J. Hartmann [Hartmann 1900, Hartmann 1904]
used for the first time a metal disk perforated
with regularly spaced holes [Malacara 1992]
(figure 23) for measuring the rays aberrations
of mirrors and lenses. This disk was placed
over the optical element that was to be tested
and the distribution of spots was analysed at

the focus plane using a photographic plate.

The aberrations could be determined by
estimating the disp|acements of spots from Figure 23. Classical Hartmann radial disk.

. - [Malacara 1992]
their regularly spaced positions.

In the late 1960s, US Air Force proposed to the Optical Sciences Center (OSC), at the
University of Arizona, to improve the images of satellites taken from earth. Mienel,
astronomer and director of the OSC, used the standard Hartmann test to calculate figures of
merit for large telescopes. In order to measure the wavefront error, at the same time an
image of the satellite was taken, Mienel collimated the beam and placed a plate with holes in
the image of the pupil. However, this configuration produced a weak intensity of the spots
and a lack of accuracy for placing the centroids of these blurry spots. These problems were
involved by R. Shack [Shack and Platt 1971], who proposed to replace the holes of the plate
by tiny lenses. So, it was the first configuration of a HS sensor [Platt and Shack 2001] (figure
24). However, in those years no one was able to fabricate the lenses required with a
diameter of 1 mm and focal length of 100 to 150 mm. Platt decided that the only way to
make the long focal lengths with 1 mm center-to-center distances was to use crossed
cylindrical lenses. After many attempts, Platt got to fabricate good quality lens arrays of
thermal plastic (Plexiglass). A complete system with a Hartmann-Shack sensor was
delivered to the Air Forced to be used in satellite-tracking telescopes, but this system was
never installed. In the early 1980s, all the large telescopes at the European Sothern
Observatories (ESO) were tested and aligned by R. Wilson using a wavefront sensor with
lens arrays sent by Shack. During the late 1970s, Adaptive Optics Associates (AOA)

developed techniques to compensate the optical turbulence of earth’s atmosphere, using
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the HS wavefront sensor to measure the atmosphere aberrations. Nowadays, many

researchers use Hartmann-Shack sensors in their experiments.

- AN
Beamsplitter Image of star
///‘\ ,\\Orsate”ite
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Collimating lens

Lens array
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sensor
Telescope Images from

lens array

Figure 24. Schematic diagram of the first Hartmann-Shack sensor [Platt and Shack 2001]

Liang and collaborators [Liang et al. 1994] used for the first time a Hartmann-Shack
sensor for measuring the wave aberrations of the eye. In this study they generated a point
source on the retina and measured the aberrations of the wavefront emerging of the eye by
using a HS sensor. Thus, the wave aberrations of the eye are expressed as the difference of
the deformed wavefront and a plane wave in front of the eye at the same plane (figure 25a).
These wave aberrations are equivalent to those in the image space of the eye defined as
the differences between the real wavefront at the exit pupil of the eye and the spherical
wavefront converging to a reference point on the retina (figure 25b). Liang’s aberrometer is
shown in figure 26. This system is divided in two parts: illuminator arm and detector arm.
The illuminator arm brings a focus point on the retina. Defocus errors of the tested eye is
corrected by movement of the lens L1 with respect to lens L2. The subject has to view a
fixation target T to stabilize the accommodation. The light coming from the retina passes
through the ocular media in direction to Hartmann-Shack detector. In this configuration the
WAs are measured at the pupil plane of the eye, since this plane and the lens array are
conjugate. The wavefront was reconstructed by using Zernike polynomials. Nowadays,
many researchers use this process to obtain the WAs of the eye, even several companies

are selling Hartmann-Shack sensors commercially.

58



\

Retina

_____ < of -
) Retina

\

Figure 25. Definitions of the wavefront aberrations of the eye.
(a) In the object space. The solid curve is the real wavefront and the dashed lines represent the
reference plane wave. (b) In the image space. The dashed lines are the reference sphere.

Equal-level contours of the
reconstructed wave aberration
Y

R P s i i e Y
A N
71 T/
4 ¢— computer
e —
o -::::r: ’J:’. ) T
NRE ] Shutter PH
O o e Iris
R sserH—— (==
- -8 e G25h v 054 H .
= Collimator
L4 Hi
Hartmann-Shack £
image Lampfy@_-‘-; = s Bl
gep T i
*

B2

——

P
CCD H55
camera

L2

Fovea

Figure 26. The first experimental system with a Hartmann-Shack sensor for measuring the
wave aberrations of the eye. NDF, neutral density filter; B1 and B2, beam splitters; L1-L6,
lenses; T, target; GGP, ground-glass plate; HSS, Hartmann-Shack sensor. [Liang et al. 1994]

The Hartmann test is also used to test lenses [Morales and Malacara 1983, Malacara

and Malacara 1992]. In particular, [Castellini et al. 1994] proposed a modified version of the
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Hartmann test to measure the spherical power, astigmatism and prismatic deviation of
progressive power lenses. Castellini’'s system is shown in figure 27. The lens was tested
with a 2-mm laser beam diameter, in 280 points over nine concentric circles. Two angular

movements of the lens, § and «, permit to reproduce the real behavior of the eye.

LENS _.--
PLATE R=2Bmm
1 1—|
—— e L |
LASER 1‘11 ROTATION DETECTOR
CENTER (PSD)

Figure 27. A modified version of the Hartmann test to measure the spherical power, astigmatism
and prismatic deviation of progressive power lenses. [Castellini et al. 1994]

Nowadays, the company Nidek commercializes an instrument based in a Hartmann
sensor that is used as a lensmeter of high accuracy and reliability [http://www.nidek-

intl.com/lensmetr.html].

1.7.2 Processing of HS images

The principle of the Hartmann-Shack wavefront sensor is shown in figure 28. Each
microlens produces an extended spot corresponding to the wavefront section it covers. For
a flat wavefront, the HS image is a regular matrix of spots. When the wavefront is aberrated,
the spot matrix is distorted. The displacement of each spot provides the local slope of the

wavefront over the corresponding microlens.

Gray-scale representations in
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Figure 28. Wavefront aberration estimation from a Hartmann-Shack sensor.
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In this thesis, the wavefront aberrations will be fitted to Zernike polynomials using the
method described by [Prieto et al. 2000]. This process is implemented in a computer
program. The strategy of the centre of gravity, or centroid, is used to position the extended

spots. The centroid (X;, Y;) of the ith spot (or microlens) is defined as:

_[Axl(x,y)dxdy IAyI(x,y)dxdy
X =— Y, =— 10
' J.AI (x,y)dxdy ' IAI (x,y)dxdy 1o

where A; is the area associated with the ith microlens and I(x,y) is the image intensity. The
displacement of the centroid (Ax;, Ay;) is proportional to the average of the wavefront

derivative across the microlens:

0
J- WA(x y) J-8WA(xy ixdy (11)

where f and A are the focal length and the area of the microlens respectively. The relations
Ax/f and Ay/f are the wavefront slopes of the centroid in the x and y directions. The
displacements (x;, yi) represent the spots shifts between the tested image and the reference
image for the isolated system. Therefore, WA(x,y) is the wavefront aberration of the optical

element (for example eye, ophthalmic lens...) measured in radians.

To reconstruct the WA from the averaged derivatives, the lineal combination of
elements of a functional basis or modes is widely used. In particular, for circular pupils, the
Zernike circle polynomials [Noll 1976] are commonly used. So, the WA can be expressed

as:

Jmax

WA(X,y)=>_C.Z,(x.y) (12)
]

with Zj(x,y) being the jth mode (i.e. Zernike polynomial), C; is its coefficient and jmax is the
expansion truncation mode. If partial derivatives of Eq. (12) are integrated across each
microlens area, substituting in Eq. (11), we obtain the relationship between centroids

displacements and Zernike polynomials:

f jmax 8ZJ(X,y) f Jmax GZJ(X,V) 13
Axi :K CJJ.ATdXdy Ayl :KZCjJ.AdeXdy (13)
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We have two systems of N equations, being N the number of spots. These two systems can

be mixed and expressed in matrix notation as:

A=M-C (14)

where A and c are 2N column vectors. A includes the spot displacements in the x and y
direction, and c represents the unknown coefficients. M is the jnxx2N matrix of partial

derivatives of the polynomials averaged across each microlens.

oZ. (X,
J~ 821(x,y)d dy e I dedy
A, 8X A 0X
AX :
V' 0Z,(X,Y) oz, (xy)
: J' 127 dxdy I e dxdy
A C, ¢ [Poe X mar - OX (15)
A — Imax — : M -
Ay, . A oZ. (x
. ijax jA dedy cee IA %dxdy
. 1 y 1 y
Ay; : %o
0Z.,(X, oz, (X,
J‘ 1 y)dxdy---.[ e y)dxdy
Aimax ay Aimax ay

Since the number of microlenses is usually higher than the Zernike modes, the system
is redundant. The system is solved by estimating the inverse matrix M, and the Zernike

coefficients are obtained as least-squares values.

1.8 PSYCHOPHYSICAL ASSESSMENT

Although there are different ways for measuring the visual performance of the human
eye, testings of contrast sensitivity and visual acuity (VA) are widely used. VA is defined as
the smallest spatial detail that the subject can resolve [Elliot et al. 1995]. Different tests
[Grosvernor 2002, Keeney et al. 1995] have been proposed for measuring the minimum
detail that the eye can discriminate. The most commonly used optotypes are Landolt C
(broken ring) and the letters charts. The Landolt C, introduced in 1888 by Parisian
opthalmologist Edmond Landolt, is a ring with a gap which is presented in different
directions. In 1862, the Utrecht ophthalmologist Herman Snellen designed the universal
letters chart for measuring VA. Figure 29 shows an example of this type of visual acuity test.

In 1976, the Australian optometrists |.L. Bailey and J.E. Lovie introduced a letters chart
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based on the Snellen test, but with equal numbers of letters
on each line and the letters size varies in a regular

progression of 0.1 log MAR (logarithm of minimum angle of

resolution) from line to line. The “tumbling E” is also widely

used to measure the MAR. It consists in presenting a capital )
“E” in different directions and the person being tested should D F
determine which direction the “E” was pointing. The width of N
the strokes and the gaps are one fifth of the height of the H Z P

optotype character.

TXUD

In the last decades, psychophysical assessments of the .
performance of progressive-power lenses have been ZADNH

undertaken in different ways. Grating VA is not significantly PNTUHX

deteriorated when looking through low eccentricities [Sullivan URZNFDT

. . . . . N P H TEA F XU
and Fowler 1989(b)]. For typical intermediate office tasks, this

s
XDFHPTZAN

kind of lenses provides marginally diminished performance FAXTONHUPZ

compared with single-vision lenses [Selenow et al. 2002]. Figure 29. Snellen letters

chart. Although this figure is

Clinical surveys of patient acceptance [Kris 1999, Boroyan et
y P P [ y reduced respect to the

al. 1995, Sullivan and Fowler 1989(a)] show a small original size, the numbers
. between lines correspond to
percentage of progressive-lenses wearers (around 10-15%) the viewing distances for

with adaptation problems, that could be produced by different r‘;":}'"g;g; 'sztshzunafﬁirﬁui‘q
factors: distortion, the need of head movements, defocus detail subtends 1-min. angle).
errors, astigmatism or perhaps high order aberrations. Some

researchers [Fauquier et al. 1995, Sullivan and Fowler 1988] have evaluated the amount of
astigmatism that is tolerated by patients wearing PPL’s. In relation to defocus tolerance,
visual performance for different values of defocus [Legge et al. 1987, Campbell and Green
1965, Woods et al. 1996, Charman and Jennings 1976, Miller et al. 1997, Sullivan and
Fowler 1988, Villegas et al. 2002] and depth of focus [Campbell 1957, Tucker and Charman

1975, Atchison et al. 1997, Marcos et al. 1999] in the eye have been widely studied.

In order to predict visual performance, some optical parameters (for example the
radius of 84% encircled energy of the point-spread function or the integral of the modulation
transfer function across the frequency range of interest) have been proposed for assessing
the image quality of visual instruments, such as telescopes, but only for small sizes of pupil
[Mouroulis and Zhang 1992]. Other metrics calculated from double-pass retinal images have
been relatively well correlated with VA and CSF measurements for different amounts of

defocus [Villegas et al. 2002]. Recently, the VA using computationally-aberrated letters have
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been correlated with a great number of optical metrics derived from wavefront aberration

assigned to the letters [Marsack 2004].
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Chapter 2
JUSTIFICATION AND OBJECTIVES
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2.1 JUSTIFICATION

Although, both theoretical [Minkwitz 1963, Bourdoncle et al. 1992] and empirical
results [Fowler and Sullivan 1989, Spiers and Hull 2000, Castellini et al. 1994] have well
documented the presence of astigmatism in PPLs, little is known about the high order
aberrations of these lenses. Some previous studies [Jalie 1994, Burns 1995, Maitenaz 1967,
Bourdoncle et al. 1992] concentrated in the theoretical shape and size of the image of a
point through a progressive spherical power surface, but as far as we known there are no

experimental results on the aberrations at different locations of PPLs.

The retinal image quality of an eye wearing an ophthalmic lens depends on both the
ocular quality and the lens quality. However, the above-described techniques used to
evaluate ophthalmic lenses (lensmeters, interferometry, Ronchi test and deflectometry)
usually estimate the optical quality of the isolated lenses without taking into account the

optical performance of the human eye or the combination of the lenses with the eye.

In the process of designing a PPL, it is very advantageous to be able to predict the
visual performance from the optical parameters. Thus, the designers can a priori know what
will be the level of acceptance and satisfaction of the future users of the PPL. The reduction
of visual performance due to astigmatism and defocus errors in PPLs has been widely
studied in different studies. But, the visual impact of high order aberrations of this kind of

lenses and the effect of the combination with the ocular aberrations is not still well known.

Just after dispensing PPLs, the optometrist informs patients on the adaptation process
to his new lenses. But, what does adaptation period consist of? It has been demonstrated
the adaptation to the distortion aberration [O’Leary and McMahon 1991, Wendy et al. 2001],
however there is not documented information on the possible adaptation of the visual
system to the deterioration of the foveal vision due to the aberrations of PPLs. In relation to
this topic, previous works have reported the adaptation of the eye to its particular
aberrations [Artal et al. 2004].

There are many PPLs available in the market, but little information on their optical
characteristics. Although, as mentioned above, different optical methods have been
proposed for designing and evaluating PPLs, there is a significant lack of studies presenting

objective measurements on different designs of PPLs.

66



2.2 OBJECTIVES

— In this context, the first objective of this thesis is to measure the spatially resolved
aberrations in PPLs. In order to do it, we will design and build a system with a HS
wavefront sensor, where the lenses will be measured in different zones simulating real

directions of sight.

— The nature of the aberration coupling between the PPL and the eye will be also
studied. The ocular aberrations should be measured with the same system used to

evaluate PPLs.

— In order to evaluate the retinal image quality of older eyes with progressive lenses, we

will compare PPLs aberrations with those of presbyopic eyes.

— Another important point in this thesis is to know the impact of aberrations of PPLs on
VA for different viewing conditions. To control the positions of the eye respect the
different zones of the PPL, the VA measurements should be taken with the same

system used to measure the wavefront aberrations.

— In this study, we will try to find the optical parameter that better predicts the visual
quality. These results could be useful in the process of design of PPLs in which a
previous knowledge of the relation between optical parameters and final visual

performance is fundamental to get a successful prototype.

— In order to study the possible adaptation of the foveal vision to the optical aberrations
of the PPLs, we will measure VA through relevant controlled zones of PPLs during

the first week wearing this type of lenses.

— Another goal of the present thesis is to evaluate the optical quality of different PPL
designs currently commercialized. So, we could evaluate the differences between the

lenses offered by the companies.
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Chapter 3
METHODS
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3.1 EXPERIMENTAL SYSTEM

In this thesis, an experimental system with a Hartmann-Shack wavefront sensor has
been designed and built to perform spatially resolved aberration measurements in

ophthalmic lenses, in particular in PPLs, either isolated or in combination with the eye.

This apparatus has several advantages over previous existing techniques. For
instance, the conventional lensmeters only allow measuring spherical power and
astigmatism, while our system also measures high order aberrations, and resembling real
viewing conditions. In contrast to lensometers and other typical methods of optical bench
such as interferometry, Ronchi test or Moiré deflectometry, our technique allows to measure
the lens and eye aberrations under the same optical conditions, and to predict easily the

final optical quality of the entire system eye with lens for any viewing position.
3.1.1 Description of the system

A schematic view of the apparatus used is shown in the figure 30, and a picture of the

system measuring a subject in the figure 31.

lllumination arm

The measurements are obtained using monochromatic green light (543 nm) from a
He-Ne laser. This enable comparison with later psychophysical measurements performed

also in visible (green) light.

The beam first passes through a linear polarizer (pol) and a neutral density filter (NDF)
to control the intensity of light. A spatial filter (M&PH), consisting of a 20x microscope
objective and a 10-um pinhole, creates a point source. The emerging beam is collimated by
lens C. A revolver of circular apertures (P1) controls the beam size. Using a removable
mirror (m3) the system can measure either only the ophthalmic lens (OL) or the eye, with or
without the OL. To measure only OLs, one more removable mirror (m4) directs the beam to
the posterior surface of the lens. The size of aperture P1 limits the maximum size of the OL

on which the wave aberration can be measured.
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Figure 30. Experimental setup. Pol, lineal polarizer; NDF, variable neutral density filters; M&PH,
microscope objective and pinhole; C, collimator achromatic lens; P1, aperture; OL, ophthalmic lens (in
our particular experiment, this is a PPL); YP, eye pupil; PC, prism compensator; FL, focus lens; BS,
beam splitter; FS, focus corrector system; L1, L2, achromatic lenses; m1-m9, mirrors; MLS,
microlenses; PCCD, CCD for pupil centering; HSCCD, CCD to capture HS images; PPS, pupil for
psychophysical measurements.
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L.

Figure 31. Picture of the experimental set-up.

In order to measure the ocular WA, a point-like source is formed on the retina. A
narrow beam is produced by a 1.5-mm aperture (P1). Lens FL corrects the focus errors of
the eye (with or without OL). A pellicle beam splitter (BS) reflects the light toward the eye.
The exposure level at the cornea was always lower than 50 nW for a 3-s exposure. This
corresponds to approximately 3 nW/cm? for a 1.5-mm diameter incoming beam, more than
one order of magnitude below the limit set by safety standards [ANSI 1993]. Using a bite-bar
attached to a three-axis micropositioner minimizes head movements. A CCD video camera
(PCCD) monitors the axial position and the centration of the natural pupil with respect to the
measuring beam. The light coming from the retina passes through the ocular media and OL

in direction to lens L1.
Detection arm

A removable prism compensator (PC) is placed as near the lens as possible, if a large
prismatic power is induced by the tested zone of the OL. This allows the beam to stay

aligned through our system avoiding extra aberrations by oblique incidence on the lenses.

A focus corrector system is used to remove, or to change, the defocus of the OL, the

eye or both combined. This allows measurement even in cases of large amounts of defocus.
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The arrangement consists of two achromatic doublets, L1 (148-mm focal length) and L2
(100-mm focal length), and two mirrors mounted on a moving stage (FS) that increase or
decrease the optical path between L1 and L2. As is shown in figure 32a, the refraction
change (Rx) is the quotient between the displacement of the FS (distance d) and the square
of the focal of the lens L1. The FS is moving towards and away from the mirrors m5 and m8

to compensate myopic and hypermetropic errors respectively.

(a)
MLS plane e _ — f1 EP plane

rM LS

(b) th- _ f2 EP plane

Figure 32. Variations of (a) defocus and pupil size, and (b) field of view, through the focus
corrector system. f; and f,

Finally, the beam coming from L2 is sampled by the microlens array (MLS). These

microlenses have a square geometry, a 40-mm focal length, and a single microlens aperture
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of 0.6 mm. The camera used was a cooled CCD camera (HSCCD) placed at the focus
location of the MLS records the HS images. The camera is connected to the PC’s parallel
port with a parallel interface port (DB25). Itis a CompuScope CCD800 Integrating Camera
with a CCD size of 768x512 pixels, square pixels of 9x9um and a quantum efficiency of 40%
at 543 nm.

The MLS are placed at one focal distance of lens L2. The entrance pupil (EP) of the
tested system must be placed at the focus of the lens L1 to be conjugated with the MLS
plane. Thus, the wavefront aberration estimated in the MLS plane corresponds to that in the
pupil plane. In this way, the OL is placed at this point to be measured it isolated. In the case
of the direct measurements of the eye plus the OL, the entrance pupil of the entire system in

real conditions is placed at the focus of L1.

Psychophysical channel

By means of a removable mirror (m9), the monitor used to perform psychophysical
measurements is seen through the same optical path as that used for HS measurements.

An artificial aperture (PPS) is used to choice the pupil diameter size in the eye pupil plane.

The focus corrector acts as a telescopic system, which in the variations in the sizes of
the pupil (figure 32a) and the field of view (figure 32b) depend on quotient between focal
lengths of the lenses. In our configuration, the diameter of entrance pupil (EP) of the tested
system is magnified a factor of 1.48 with respect to the MLS plane. The smaller lateral
dimension of the CCD camera (512 pixels) limits the maximum diameter of the pupil to 4.6
mm at the MLS plane, that corresponds to 6.8 mm of the EP. In the same way, in the
psychophysical measurements, the system reduces the field of view in a factor of 0.68,

which is taken into account in the size of the letters used to measure the VA.
3.1.2 Simulation of normal viewing conditions

To design any ophthalmic lens, it is essential to know the position of the lens in relation
to the human eye. In our experiments, the values of the distances and the tilts of the lens
with respect the eye are those that are considered commonly in designing of progressive
lenses. The distance between the back vertex of the PPL and the centre of rotation of the
eye is considered to be 27 mm. The vertex distance between the back vertex of the
progressive lens and the cornea is 13 mm in primary position. In other sight directions, this

distance changes and it is considered in the displacements of the lens.
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When the isolated lens is measured, the tested zone size (TZ, figure 33) is selected
with the revolver of apertures (P1, figure 30). However, in natural viewing conditions, the
aperture is the natural pupil of the eye (NP), which coincides approximately with the
entrance pupil of the naked eye. It is placed around 3 mm back the anterior vertex of cornea.
For the entire system eye with lens, the entrance pupil (EP) is approximately the object of
the natural pupil through the progressive lens. Figure 33 shows the position and size of the
entrance pupil of the entire system, and its relation with the tested zone of the lens. In our
experiments, we use progressive lenses with plano distance power and 2 D power addition.
Thus, the maximum power of the lens (Po.) will be 2 D. For this value the entrance pupil of
the system is placed only 0.53 mm (s=16.53 mm) from the natural pupil, and its diameter
(dep) is a factor of 1.033 (3.3%) larger. Furthermore, for the nearest object distance in
normal viewing conditions (a=250 mm), the entrance pupil is only a factor of 1.064 (6.4 %)
larger than the tested zone of the lens. For these reasons, we consider the EP of the entire
system at the same place that the natural pupil, and its size equals to the tested zone size
(TZ) of the lens.

Figure 33. Position of entrance pupil, EP, of the entire system eye plus lens; and its diameter,
oep, in relation to that of the natural pupil of the eye, ¢np. The ratio of EP diameter to tested zone

a0

size, ¢z, of the ophthalmic lens as function of object distance “a” is also shown. R, centre of
rotation of the eye; s, distance between OL and EP; Po,, power of the ophthalmic lens in
diopters. All distances in mm.

The visual axis of the eye is the line from the point of fixation to the fovea, passing
through the nodal points of the eye. Supposing this axis passes through the rotation centre
of the eye is a good approach, and it makes easy to study the ophthalmic lenses in front of

the eye. The visual axis pass through the different zones of the progressive lens depending
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on the viewing distances and the lateral eccentricity of the fixation point. As it is logical, in
the experimental setup, the optical bench can not be tilted to follow the eye rotations. To
reproduce the actual behavior of the eye, the ophthalmic lens is displaced in the three
directions and tilted around horizontal and vertical axes by means of a positioner system
(shown in figure 30). The combination of these movements and rotations permits us to

explore different zones of the lens.

In practice, spectacle lenses are tilted with respect to the vertical plane. This ensures
that the eye sees through the lens when looking downwards. This tilt is called pantoscopic
tilt [Tunnacliffe 1995]. To estimate the displacements and the tilts, the pantoscopic tilt (1) is
assumed as 12°. Figure 34 shows an example on how the eye looks through a zone of the

lens to a near object in real conditions, and how this is simulated in our measuring system.

(a) Vertical
OL, | plane
Ti
| Fovea
: EP
FA in primary L NF \ R
position

FA in neat
vision

(b)

FA in primary
position

LASER
BEAM

Optical axis of
the system

Figure 34. (a) Schematic behavior of the eye when looking to a near object. (b) Simulation of
the same situation in our system. Shaded area represents the laser beam to measure the OL
alone. Dotted contour represents the position of the eye. Ray tracing shows the direction of the
laser beam when entire system eye and OL is measured. FA, fixation axis (visual axis); L,
distant intersection point; R, rotation center of the eye; t, pantoscopic tilt; u, angle between lens
and FA; NP, eye pupil; EP, entrance pupil of the system eye and OL; TZ, tested zone.
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The tilts and displacements of the lens, with the corresponding equations, are shown
in figures 35 and 36, in the horizontal and vertical planes respectively. The equations show
the tilts and displacements as function of following fixed parameters: distance from the fitting
cross (L) of the lens to the rotation center of the eye (LR=27 mm), distance from the anterior
apex of the cornea to the rotation center of the eye (AR=14 mm), pantoscopic filt (t=12°),
horizontal and vertical coordinates (LPy, LPy) of the selected point of the lens from the fitting
cross, distances of the rotations centers in the horizontal (LGy) and in the vertical (LGy)
planes from the fitting cross. In order to make easier the process, at the beginning the laser
beam is normal to the lens and it passes through the fitting cross. In this position, the fitting
cross is the reference point (O) for the movements. In both the horizontal and vertical

planes, the movements were carried out following these steps:
1. Tilting the lens.
2. Moving the lens to place the selected point (P) of the lens on the measuring beam.

3. Placing the lens at the correct axial position. For measurements in the isolated
PPLs, the selected point is placed at the focus of the lens L1 which coincides with
the reference point (O). The final axial movement is the addition of the axial
displacements in both the horizontal (P4O) and vertical (PyO) planes. For the
entire system, eye plus lens, the eye pupil is place at the focus of the lens L1, and
the selected point of the lens is placed to the vertex distance in front of the anterior
apex of the cornea. Figure 37 shows how the vertex distance is calculated for any
sight direction. This distance is the hypotenuse of the triangle formed by the tested
point of the lens (P), its projection on the vertical axis of the lens (Py) and the
rotation center of the eye (R). The distance between Py and R has been calculated

in figure 36.
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. Optical axis of
FA.‘ n the system
primary

Laser

Horizontal tilt LP,

tgB = —H
9b=TR

Horizontal displacement OX = (LG,,-LP,)-cosB-LG,

Axial displacement for ,
measurements in isolated lenses PO =—(LG,-LR,)-sinf

Figure 35. Tilts and displacements in the horizontal plane. B, tilt angle; OX, horizontal
displacement; PO, axial displacement for measurements in isolated lenses; O, reference point
(for measurements in isolated lenses this point coincides with focus of lens L1); L, distant
intersection point (fitting cross of the lens); X, point L before tilting ; Py, projection of the tested
point of the lens on the horizontal axis of the lens; R, rotation center of the eye; Gy, horizontal
rotation center of the lens in our system; FA, fixation axis. Sign convention for the lens tilts:
clockwise angles are negative, anticlockwise angles are positive (example of the figure).
Distances from the lens to the rotation center of the eye (LR) are positive. Horizontal distances

towards the right are positive and towards the left are negative. The axial displacement (P40O)
toward lens L1 is negative. Fixed values in our experiments: LR=27mm, LG3=90mm.
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Distance from tested point PR-= LR-cost
to rotation center of the eye v sinu

Figure 36. Tilts and displacements in the vertical plane. v, tilt angle; OY, vertical displacement; P, O,
axial displacement for measurements in isolated lenses; PyR, distance from tested point of the lens
to rotation center of the eye for measurements in entire system eye plus lens; O, reference point (for
measurements in isolated lenses, this point coincides with focus of lens L1); L, distant intersection
point (fitting cross of the lens); Y, point L before tilting; Py, projection of the tested point of the lens
on the vertical axis of the lens; P,, intersection point of the lens with the perpendicular visual axis; R,
rotation center of the eye; Gy, vertical rotation center of the lens in our system; FA, fixation axis; p,
angle between lens and FA; 1, pantoscopic angle. Sign convention for the lens tilts: clockwise angles
are negative (example of the figure), anticlockwise angles are positive. Pantoscopic angle and
distances from the lens to the rotation center of the eye (P,R, LR) are positive. Vertical distances
and displacements taken upwards are positive and downwards are negative. The axial displacement
(PyO) toward lens L1 is negative. Fixed values in our experiments: t=12°, LR=27mm, LGy=9mm.
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Figure 37. Vertex distance (PA) from the selected point of the lens to the cornea. This
figure corresponds to the plane that contains the selected point of the lens (P), its
projection on the vertical axis of the lens (Py) and the rotation center of the eye (R). The
expression of the distance Py R has been obtained in figure 35.

3.2 OPTICAL MEASUREMENTS
In this section, the general aspects of the optical measurements will be described.
3.2.1 Calibration of the system

The calibration is done with the system mounted for measuring isolated lenses but
without any lens for testing. Firstly, we place the CCD camera (HSCCD) of the HS sensor at
the exact position of the MLS focus. Taking into account the focal lengths of the lenses L1
and L2, the moving stage (FS) of the focus corrector sub-system is moved to obtain an
approximately collimated beam entering the MLS. The exact axial location of the CCD
camera is found by moving it with a positioner up to find the highest peak intensity of the
spots. In order to obtain the exact position of the FS that produces a perfectly collimated
beam, HS images are registered, and defocus is processed for small displacements of the
FS.

To test the defocus calibration, the focus corrector also moved in steps of 5 mm, which
supposes changes of 10 mm in the optical path (d). Figure 38 shows a very good linear
correlation between the values of theoretical defocus and the values obtained from the HS

images.
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Figure 38. Calibration of defocus, moving the focus corrector (FS) in steps of 5 mm (d=10mm).
Defocus is expressed as Zernike coefficient 4, in microns. 5.9-mm pupil diameter.
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Astigmatism, both isolated cylinder powers and in combination with defocus, was
tested using trial lenses. Figure 39 shows a very good linear correlation between the values
of the trial lenses and the measured values. The data are shown in sphero-cylindrical form,

that is, sphere power, negative cylinder power and orientation of the cylinder axis.

The wave aberrations of the system were also measured, obtaining values of Zernike
coefficients below 0.01um for both 4 and 6-mm pupil diameters (figure 40). Thus, the

contribution of the system to the final wavefront aberration can be considered negligible.
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I 4-mm pupil diameter
3 6-mm pupil diameter

0,005 -
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Figure 40. Aberrations values given only by the experimental system.

3.2.2 Progressive power lenses (PPLS)

All lenses used in the experiments, except those in the neural adaptation experiment
(chapter 7), have in common the following characteristics: the progressive surface is on the
front of the lens, plano distance power, 2D power addition, 18-mm corridor length (vertical
measurement from the fitting cross to the centre of the near verification circle) and 2.5-mm
inset of the near vision. In the chapter 7, the power in the far zone and the addition depend

on the refraction of the subjects.

A Varilux Comfort progressive lens (Essilor International, France), is used to study the
wavefront aberrations (chapter 4), the influence of the lens aberrations in visual quality

(chapter 5) and the relation with optical metrics (chapter 6).

In the section of optical comparison of different PPLs (chapter 8), the lenses are

simply called A, B and C, because we do not have any commercial interest in any product
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and the main goal of this study is to evaluate the optical quality of the current PPL designs

and to show the differences between them.

The HS systems measure the ocular aberrations in the object space that is in front of
the eye. For this reason, when measuring isolated PPLs, the in-coming beam is directed on
the posterior surface of the lenses. For all measurements, the lenses were placed and tilted

accordingly to simulate natural viewing conditions.
3.2.3 Combining eyes with PPLs

The final image quality in retina is given by the complete system: eye plus the
progressive lens. Testing directly a large number of zones in the lenses in situ is time
consuming and requires the collaboration of the subject. An alternative method is to
estimate wavefront aberration (WA) of the whole system by adding those of the two
elements. For six zones of the Varilux Comfort lens and two subjects, the WAs of the whole
system are obtained in two ways: (1) by direct measurement of the system and (2) by
adding the individual WAs of the eye and the lens for selected zone. The aberration coupling
between the lens and the eye is explored by comparing the two methods. The possible
differences between both methods will be due to the propagation distance of the wavefront

between eye and lens (that we consider 14 mm), in addition to the experimental errors.

3.3 MEASUREMENTS OF VISUAL ACUITY

Visual acuity was measured using the “tumbling E” (figure 30). Capital letter "E" was
presented in four possible orientations (right, left, up and down). A computer program
developed from the VSG2/5 (Visual Stimulus Generator from Cambridge Research System,
UK) produced the video signal input to a Sony GDM-F520 monitor. In a first adjustment, the
letter size was reduced by steps of 0.2 arc-min up to the smallest letter that the subject saw
in the best focus. From this reference size, four sizes more (two-up and two-down) were

randomly presented for 1 second up to 80 times (20 times for each size).

In order to compare optical and psychophysical parameters in visible green light, the
green gun of the monitor was used. The luminance of the screen was 80 cd/m? with the

visual field subtending 7.5°.

Visual acuity measurements were taken with two different artificial pupil diameters
(figure 30, PPS): 4.5 and 3 mm, and for two different contrast values, 100% and 15%.
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By counting the number of letters orientations correctly identified by the subject for
each size, a four-parameter sigmoidal fit (constraining correct responses to 25% and 100%
when MAR is zero and infinity respectively) was used to obtain the value of visual acuity. We
chose the value of MAR for the 75% of correct responses. Figure 41 shows the sigmoidal
fits of MAR for subject when is looking through an intermediate location of the PPL for high

and low contrast letters. Finally, the VA is expressed in decimal units (1/MAR).
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Figure 41. Examples of sigmoidal fits of MAR. Contrast 100% (circles)
and contrast 15% (squares). 4.5-mm pupil diameter.

3.4 SELECTION OF TESTING AREA AND PUPIL DIAMETER

In this section, we analyse what is the convenient area of the progressive lenses for
testing and what is the adequate pupil diameter. The concrete conditions of each experiment

will be described in the results chapters.

In order to select the locations for testing the lenses, we consider locations along the
corridor and nearby peripheral zones, because these are very frequently used by subjects
and have no negligible values of aberrations. The horizontal width of the tested area is
selected taking into account the amplitude of horizontal eye movements. The field of foveal
gaze is determined by the coordination of horizontal eye and head movements. The
complete amplitude of the horizontal eye movement is described as the movement between

the extreme positions (nasal-to-temporal). Usually, this horizontal amplitude is less than 30°
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[Progressive addition lenses. Ophthalmic optics files. Essilor International 2007, Paris], and
the rest of the movement necessary to keep the gaze in a peripheral object is given by the
head or even by the body. In a recent work [Han et al. 2003(b)] the amplitude of horizontal
eye movement was less than 25° for an object with an amplitude of 37° placed at a
intermediate distance of 60 cm. As an example, figure 42 shows the eye movements of 15°
and the head movement of 10° for an object with an eccentricity of 25° in far vision. For
these reasons, we tested mainly zones located to less than 13° from the corridor (complete
amplitude of 26°), although we wide this area to 20° when comparing different designs of

PPLs. In any way, in each section of results, we specify the measured zones.
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Figure 42. Horizontal movements of the eye and head for gazing a peripheral object with a
eccentricity of 25° in far vision, taking into account the maximum normal movement of the
eyes (around 15°, that corresponds with a complete amplitude of 30°). The subject uses the
shadowed zones of the progressive lenses for foveal vision.

The optical and visual results are obtained for a pupil diameter equal or lower than 4.5

mm, since larger pupils are uncommon in presbyopic eyes [Chateau et al. 1996]. However,

85



WA and PSF maps presented in some of the figures corresponds to a larger pupil diameter

(6-mm) to better show the effect of aberrations in each lens zone.
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Chapter 4
RESULTS (1):

WAVEFRONT ABERRATIONS IN
PPLS: ISOLATED AND IN SITU
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In this chapter, we present the spatially resolved aberrations measured in a PPL. We

also compare the high order aberrations for all zones of the PPL with three normal older
eyes. Finally, we explore the nature of the aberration coupling between the lens and the eye,
by comparing the aberrations of the lens plus eye system with those in the lens and the eye

measured separately.

4.1 TESTED ZONES

We measure the WA at 21 relevant locations across a PPL (Varilux Comfort; Essilor
International, France), with plano distance power, 2 D power addition. Figure 43 shows the
specific area of interest on the lens (the dashed contour line) covered by the 21 zones

where the aberrations were measured.

In six representative locations

(from the 21), we measure the WA of

the eyes plus the PPL. The selected Fitting cross

zones are (shadowed zones in figure
43): within the corridor, 1 and 8§;

nearby to the corridor in intermediate

Prism reference
point and
surfacing center

vision, 7 and 9; near vision, 18; and a

peripheral location, 14.

Near verification

circle

Figure 43. Locations of the measured zones
in the isolated PPL. The shadowed zones (1,
7, 8,9, 14 and 18), 4.5-mm diameter, were
also selected to study the coupling lens and
eye aberrations. In these locations, we also
test the visual acuity in the chapter 5, where
blue notation with letters C, N and T is used.

88



4.2 SPATIALLY RESOLVED WA IN THE CORRIDOR AND NEARBY ZONES OF A PPL

The estimated WA can be divided in two parts, the second order and the high order
aberrations. The second order includes defocus (Zernike coefficient 4) and astigmatism
(Zernike coefficients 3 and 5), and the high order the remaining aberrations. We show the
defocus distribution in the PPL, the WA and PSF maps for all zones, the spatially resolved

RMS and Strehl ratio, and finally, the Zernike coefficients.
4.2.1 Defocus

In PPLs, the defocus is distributed around the lens increasing from far to near areas
for allowing to keep focus for different viewing distances. In the near circle, the defocus must

be the addition power which subject needs for seeing clearly in near tasks.

The global performance of PPLs depends on the power distribution. From the point of
view of ergonomics, the power profile along the corridor and the lateral inset of the near
circle are two important parameters taken into account when designing PPLs. On the other
hand, the values and the distribution of the residual optical aberrations (astigmatism and
others which we will show later) depend directly on the power progression on the lens.
Figure 44 shows the power distribution in the tested lens. A 3D representation of the
defocus Zernike coefficient can be seen in figure 44a and the iso-power lines plot is shown
in figure 44b. In these graphs, we can see that the power of 2 D is reached to 17 mm below
the fitting cross and around 2.5 mm at the nasal side. It agrees with the data of the lens
given by Essilor: plano distance power, 2D power addition, 18-mm corridor length and 2.5-
mm inset. In the tested lens, the power progression is faster in the middle of the corridor,
between 4 and 12.5 mm below fitting cross, where the power increases from 0.4 to 1.6 D. In
peripheral areas the progression is slower, and the total addition is not got. Along the
corridor, the 80% of the total addition is reached around 12.5 mm below fitting cross. It
supposes an ergonomic benefit, because the subject has not to turn downwards the eyes

too much to see objects at a relatively nearby distance.

In this work, we assume that in normal viewing conditions the remaining
accommodation of the subjects compensate the small amounts of defocus induced by the
difference between the power of the zone of the lens and the object distance. For this
reason, in the following chapters, the value of Zernike coefficient for defocus is set to zero

for estimating the optical quality (i.e. WA, PSF, RMS, Strehl ratio...) of the lens.
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Figure 44. (a) Spatially resolved defocus (power), expressed by Zernike coefficient 4, for 4.5-mm
zones diameter. (b) contour plots of power in diopters,.

4.2.2 WA and PSF maps

Figures 45a and 46a show the WA and PSF maps with defocus Zernike coefficient set
to zero for 20 relevant zones of the PPL for 6-mm pupil diameter. Zone number 20 (not
shown for clarity) is very similar to 18. The PSF maps were calculated at the circle of least
confusion. The plots for zones of the corridor show typical shapes of coma with a small
amount of astigmatism. However, in locations of the PPL outside the corridor, astigmatism
increases and becomes the dominant aberration, while coma remains fairly similar to the
center. Figures 45b and 46b show the WA and PSF maps of zone number 9 with defocus
and astigmatism set to zero (the other zones present similar aberration maps for this
condition). As shown in figure 45b, in addition to coma, there is also some trefoil. Figure 46b

corresponds to a typical coma-shape PSF.

There are many previous theoretical works [Piers et al. 2000, Jalie 1994, Fowler and
Sullivan 1989, Bourdoncle et al. 1991] about the shape and size of the image of a point
through a progressive spherical power surface. Maitenaz claimed a V-shaped unevenly
illuminated. Jalie considered a blur image composed of two superimposed ellipses.
Bourdoncle and collaborators found that coma affected the nature of the image when pupil
size changed. Burns proposed a retinal blur as a circle increasing the light going down the
image. Our results of PSFs in the corridor show typical shapes of coma modified by
astigmatism and trefoil. Actually, as we can see in these plots, the intensity is higher at the
bottom of the images, due to the orientation of the coma. However, in areas of the PPL

outside the corridor, the images are dominated by the astigmatic shape.
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Figure 45. (a) A modulus 2r representation of the WA maps at 20 locations across the PPL, with
the defocus Zernike coefficient 4 set to zero. Zone number 20 (not shown for clarity) equals zone
18. WAs maps are calculated for 6-mm zones diameter, but in order to place the maps on the
lens without crossing themselves like is shown in figure 43, the maps are presented with a minor
relative size. (b) WA map for zone 9 considering defocus (Zernike coefficient 4) and astigmatism
(Zernike coefficients 5 and 6) zero. The maps of the rest of the zones equal this.
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Figure 46. (a) PSFs maps at 20 locations across the PPL for 6-mm zones diameter, considering
defocus (Zernike coefficient 4) zero. Zone number 20 (not shown for clarity) equals zone 18, and
it isn't shown to do clearer the representation. (b) PSF map for zone 9 considering defocus
(Zernike coefficient 4) and astigmatism (Zernike coefficients 5 and 6) zero. The maps of the rest
of the zones equal this.
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4.2.3 RMS and Strehl ratio

Figures 47 and 48 present the spatially resolved values of the RMS and the Strehl

Ratio respectively, for the PPL, considering defocus zero (a) and both astigmatism and

defocus zero (b), for 4.5-mm zones diameter.

RMS (um)

Figure 47. Spatially resolved RMS of the isolated PPL for 4.5-mm zones diameter, considering (a)
defocus (Zernike coefficient 4) zero and (b) astigmatism (Zernike coefficients 5 and 6) and defocus
(Zernike coefficient 4) set to zero. Circles show the results for each zone. FV and NV indicate the area
of far and near vision respectively. N and T indicate the nasal and temporal areas respectively. The
distances on the horizontal and vertical axe are taken from the fitting cross. Note the different values of
the scale for the RMS in the two figures.

Strehl Ratio
Strehl Ratio

Figure 48. Spatially resolved Strehl Ratio of the isolated PPL for 4.5-mm zones diameter,
considering (a) defocus (Zernike coefficient 4) zero and (b) astigmatism (Zernike coefficients 5
and 6) and defocus (Zernike coefficient 4) set to zero.
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If astigmatism is included, the RMS values are around 0.10 um for the distance and
near reference centers. In the corridor, the total RMS values are between 0.10 and 0.20 um
depending on the zone. These values are similar to those of the measured naked eyes, 0.19
um for eye Sl and 0.23 um for eye RU. The RMS of the lens at locations 3 and 6 mm from
the corridor central line is around 0.60 and 0.90 um respectively. However, if astigmatism is
removed, the RMS is between 0.03 and 0.06 um for all tested zones, finding the highest
values in the middle of the corridor. These high order aberrations are mainly coma and

trefoil.

The Strehl Ratio from all aberrations except defocus is high in the far zone 1, around
0.5. In the corridor, this parameter is lower, around 0.20, due to the increase of coma and
trefoil. This effect can be seen very clear in the graph without astigmatism, where the Strehl

Ratio decreases mainly in the middle of the corridor.

In both graphs without astigmatism, figures 47b and 48b, the optical quality is lower in
the center of the corridor. In this area, the power progression is higher, providing an
increment of coma and trefoil. In any way, without astigmatism the optical quality of the PPL
is very good, since the Strehl Ratio is higher than 0.5 and the RMS is lower than 0.06 um for

all tested zones.
4.2.4 Wavefront aberrations. Zernike coefficients

Figure 49 shows all the Zernike values for the central and peripheral, nasal and
temporal, zones of the lens considering 4.5-mm pupil diameter. The defocus coefficient is
also included to note the evolution of the power over the lens. In addition to astigmatism
(coefficients 3 and 5), the most significant aberrations for peripheral zones are coma
(coefficients 7 and 8) and trefoil (coefficients 6 and 9). Other higher order aberrations are
nearly negligible for every zone in the lens (in figure 50 we can see the higher order
coefficients for every locations in a larger scale for 4.0-mm pupil diameter). In the nasal and
temporal locations, astigmatism coefficient 3 is opposite in sign, while the coefficients 5 have
the same sign. In this way, the orientation of the astigmatism is nearly vertically symmetric,
and for zones on the same side of the corridor the behavior is similar. The negative cylinder
axis is around 55° for temporal zones and 125° for nasal zones. In relation to the orientation
of coma and trefoil, in the corridor zones, the coefficients 6 and 7 are significantly higher
than coefficients 8 and 9, that means that coma and trefoil along the corridor are vertically
orientated. In the rest of the zones, the orientation of these aberrations depends on the

direction of the power progression.
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Figure 49. Zernike values for the central and peripheral (nasal and temporal) zones of the PPL
for 4.5-mm pupil diameter. The Seidel aberrations corresponding to Zernike coefficients are
shown on top of the graph.



Our results show, as it was well known, that astigmatism is the most important
aberration found in progressive power lenses. In the last few years, computer numerical
control lathes have been able to generate new complex aspheric surfaces. However, it will
be difficult to completely eliminate astigmatism, as it is intrinsic to the design of progressive
power surfaces. This is in accordance with Minkwitz [Minkwitz 1963] who stated that it was
not possible to produce a progressive power lens without surface astigmatism and distortion
being present at some point [Sullivan and Fowler 1988]. Coma and trefoil are the other
dominant aberrations that appear in these lenses when defocus changes along the area of
the tested zone. In the corridor and nearby locations of the lens, theses aberrations are

slightly larger due to the faster rate of defocus change.

In the appendix of this work, we show an analytical model describing aberrations in
PPLs.

4.2.5 Comparison with presbyopic eyes

It is interesting to compare the magnitude of the high order aberrations of the lens
alone with the typical aberrations appearing in normal older eyes. This is shown in figure 50
for the 21 locations of the lens (green bars) and for three older eyes (P1, 2 and 3) from [Artal
et al. 2002(a)]. In general, older eyes present larger aberrations than the PPL. In some
cases, coma and trefoil coefficients have similar magnitude in the eye and in the lens.

However, in every eye and location of the lens, spherical aberration is larger in the eye.
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Figure 50. High order aberrations for all zones of the PPL compared with three normal older
eyes obtained from [Artal et al. 2002(a)]. 4.0-mm pupil diameter.
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4.3 WA MEASUREMENTS OF THE PPL IN COMBINATION WITH EYES

The optical tests are commonly made in isolated lenses, but the image quality on
retina is due to the entire system eye with lens. In order to obtain the final optical quality of
the entire system eye with PPLs, in this section, we study the aberration coupling between

both for two eyes and six zones of the lens.
4.3.1 Measurements in the “naked” eyes

The left eyes of two 29-year-old normal males subjects (SI and RU) were measured.
From the HS measurements, their refractions were estimated: subject Sl -3.10-0.35 x 45
and subject RU —1.00-0.35 x 95. These low amounts of astigmatism were not compensated
in order to study the coupling with the astigmatism of the PPL. They had a corrected decimal
VA better than 1. Accommodation was paralyzed and the pupil was dilated with two drops of
tropicamide (1%). Three HS measurements were obtained and the standard deviation
calculated. The study followed the tenets of the Declaration of Helsinki, and signed informed
consent was obtained from the subjects after the nature and all possible consequences of

the study had been explained.
4.3.2 Direct measurements of the eyes with the lens

After measuring the isolated eyes, we measured the eyes wearing the PPL when they
were looking through the six zones of the lens. The chosen zones are those shadowed in
figure 43. Thus, we obtain the direct wavefront aberrations of the entire system eye plus
lens. In the next section, we compare these aberrations measured directly with the sum of

the eye plus lens aberrations measured separately.
4.3.3 Coupling of aberrations of the naked eyes and the PPL

In order to compare directly the optical quality of different zones of the PPL and the
naked eyes, in figure 51, we can see the Zernike coefficients and the WA and PSF maps of
the shadowed zones of figure 43 and the naked eyes (RU and Sl). Figures 52 and 53, for
the eye RU and eye Sl respectively, show the comparison between direct measurements of
eyes looking through the zones of the PPL and the results by adding the Zernike coefficients
of the lens and the eye measured independently. Practically in all cases, the differences of
Zernike coefficients estimated from both methods are smaller than the experimental errors.
So, the WA and PSF maps are also very similar. Figure 54 shows the RMS of the system

eye with lens both measured directly and adding aberrations. These results support the idea
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that optical aberrations of the entire system eye with an ophthalmic lens can be predicted by
adding the Zernike coefficients of both elements.
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Figure 51. Comparison between the naked eyes and the zones of the PPL chosen to study

the coupling of aberrations. (a) Zernike coefficients of the naked eyes (symbols) and tested

zones 1,7, 8,9, 14 and 18 (bars) of the PPL. (b) A modulus 2r representation of the WAs
and associated PSFs. 4.5-mm pupil diameter.
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Figure 52. Comparison of optical quality (Zernike coefficients, and WA and PSF maps) of the eye
of subject RU in combination with six zones of the PPL, obtained directly and by adding WAs.
4.5-mm pupil diameter.
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Figure 53. Comparison of optical quality (Zernike coefficients, and WA and PSF maps) of the
eye of subject Sl in combination with six zones of the PPL, obtained directly and by adding WAs.
4.5-mm pupil diameter.
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Figure 54. RMS of the eyes RU and Sl looking through the six zones of the PPL, by measuring
directly the WA (black symbols) and adding eye and zone of the lens WAs (white symbols).
4.5-mm pupil diameter.

In the following, to have a testing of lenses plus eye faster and more comfortable, we
propose to obtain the WA of the entire system by adding WAs of the eye and those obtained
for different zones of the lens. In this way, determining the aberration of the system only
requires measurements of the eye and the zones of the lenses independently. We have
compared this approach with results directly obtained from direct measurements on the eye
plus the lens, for six relevant zones of a PPL. In general, as figures 52, 53 and 54 show, the
difference between the measured and calculated methods is smaller than errors bars.
However, some sources of error could affect this approach. Errors in lens alignment and/or
lens tilt. Eye movements can produce small displacements in the location of the lens with
respect the eye. In addition, for zones of the lens with high prismatic deviation that have to
be tilted to replicate the normal viewing conditions, the prism compensator may be too
separated from the selected zone, causing additional small aberrations because of a too
oblique incident beam. When the vertex distance between the lens and eye is zero, the
results from adding the WAs of both elements should equal the results from direct
measurements. As the vertex distance increases, the predicted results by adding WAs will

not be exact, due to the wavefront propagation along this distance. As expected, the
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conventional vertex distance of 14-mm is small enough to produce substantial differences

between the two approaches.

Since coma and trefoil are also common in the human eye, the aberration coupling
between eye and lens may produce different values of these aberrations. It has been
reported that aberration compensation is also present in normal young eyes, where corneal
and crystalline lens aberrations tend to partially compensate [Artal et al. 2001]. A somehow
similar situation may happen in some lens zones, the aberrations of the lens may be
compensated by the particular aberrations of the eye yielding an improved optical
performance than that present in the lens alone. For example, when subject S| looks
through zone 18 of the PPL, the astigmatism of the lens is reduced by the small astigmatism
of the eye due to the combination of Zernike coefficient 3 with opposite signs (see figure 51),

which provides a lower RMS of the entire system (eye plus lens).
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Chapter 5
RESULTS (11):

IMPACT OF ABERRATIONS OF
PPLS ON VISUAL ACUITY
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Agfter the optical properties of PPLs have been measured, the relative impact of the

aberrations present in this type of lenses on visual performance has been studied. In the
following, we describe the procedure and results of measurements of VA in three eyes of
different young subjects, when they are looking through the shadowed zones of figure 43 of
the PPL (Varilux Comfort; Essilor International, with plano distance power, 2 D power
addition). In this section we rename the selected zones of the lens with letters C, N and T to
note the location (see blue notation in figure 43). So, zones in the corridor (1 and 8) are C1
and C2; nearby zones at 3-mm outside (7, 9 and 18) are N1 (in the nasal side), T1 and T2
(in the temporal side) respectively; and the other one 5.5 mm away from corridor in the

temporal side (zone 14)is T3.

5.1 SUBJECTS AND EXPERIMENTAL CONDITIONS

VA was measured for the naked eyes and when looking through the different zones of
the PPL. Accommodation was paralyzed and the pupil was dilated with two drops of
tropicamide (1%) for each hour. The study followed the tenets of the Declaration of Helsinki,
and signed informed consent was obtained from the subjects after the nature and all

possible consequences of the study had been explained.

The VA measurements were taken with two different artificial pupil diameters: 4.5 and

3 mm. Two different contrast values, 100% and 15%, were measured.

The left eyes of three normal male subjects were measured. From HS measurements,

their refractions were estimated:

MA (29 year old): -2.50 —-0.25 x 50°
JO (26 year old): +0.60 —0.60 x 20°
EL (29 year old): -1.50 —0.20 x 100°

The low amounts of ocular astigmatism were not compensated to study the coupling
with the astigmatism of the PPL and its influence on the visual performance. The largest
value of astigmatism of our subjects (0.60 D) is inside the tolerable interval of astigmatism
proposed in many previous studies. All subjects had a spherical corrected decimal VA better
than 1.

During the procedure of VA measurements, the selected zone of the lens was

carefully positioned using the laser beam. The axial position and the centration of the natural
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pupil was controlled with the CCD video camera, and the subject had to see the laser beam
on the center of the visual test.

5.2 VISUAL ACUITY THOUGH RELEVANT ZONES OF THE PPL

VA measured with naked eyes and looking through the selected zones of the PPL is
presented in figure 55.
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Figure 55. . Decimal VA of the eyes, both isolated and when looking across the six zones
of the PPL. Experimental errors are equal or lower than the bars presented in the naked
eye of the subject El.

As expected, VA for 100% contrast value is better than for 15%, but the behaviour in
the different locations of the lens is similar for both contrast values. We have not found
significant differences between the results of both pupil sizes. The visual quality when the
eyes are looking through the corridor areas of the PPL is similar to those of the naked eye,
even in some cases better. In these zones, high and low contrast VA ranges between 0.9-

1.65 and 0.55-0.85 respectively. In general, the visual degradation is not so important in the
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zones nearer to the corridor (locations N1, T1 and T2), although the behaviour depends on
subject. For subject JO, VA is only decreased by the high astigmatism in zone T3. The high
contrast VA of subject MA remains very stable in all zones. The larger changes from corridor
to peripheral zones are present in the low contrast VA of subject MA and in both contrast
values of subject EL. All results of high contrast VA at locations 3 mm (N1, T1 and T2) and
5.5 mm (T3) away from the corridor ranges between 0.75-1.4 and 0.55-1.20 respectively.
The values for low contrast VA ranges between 0.40-0.65 and 0.35-0.60. In every case, the
experimental error, expressed by standard deviation, is equal or lower than 0.07. In the

figure 55, this maximum error bar is presented in the naked eye of the subject EL.

Figure 56 shows the average results of VA for every tested condition compared with
the range of intersubject variability (standard deviation) of the eyes without lens. VA
decreases moderately from the corridor to the peripheral zones. VA through the corridor and
in nearby zones is similar or slightly lower than that found in eyes without lens. The abrupt
change is observed from 3 to 5.5 mm outside locations. No important differences are found
between high and low contrast VA. In the case of 3-mm pupil size, VA remains more stable

for all zones.
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Figure 56. . Average VA of the eyes with the PPL in comparison with range of
intersubject variability (standard deviation) of the eyes without lens for every pupil
diameter (4.5- and 3-mm diameter) and contrast value (100% and 15%).
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Chapter 6
RESULTS (111):

VISUAL ACUITY AND OPTICAL
PARAMETERS
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Psychophysical estimates, such as visual acuity (VA) and contrast sensitivity function

(CSF), are quite useful for evaluating both visual performance and possible adaptation
problems in PPLs. However, obtaining accurate visual measurements for different conditions
is time-consuming and requires the collaboration of the subject. In order to predict visual
performance, optical tests are commonly made in isolated lenses, but the image quality on
the retina is due to the entire system eye with lens. In the current section, we study the
correlations between different optical parameters and VA results, taking into account both
the isolated lens and in combination with eyes. From these linear correlations, we obtain the
optical parameter which better predicts visual performance in PPLs. Furthermore, the visual

tolerance to optical aberrations in this kind of lenses is also studied.

The subjects and the experimental conditions have been described in chapter 5.

6.1 OPTICAL METRICS

In this section, firstly we described the parameters used to evaluate optical quality.
The values of these parameters were estimated in the tested eyes and in the selected zones
of the PPLs, both independently and in combination. The relation between the different

optical parameters is discussed in other paragraph.
6.1.1 Description of optical metrics

In addition to the RMS, three other optical parameters were also computed from
PSF’s: (1) the Strehl ratio, (2) the natural logarithm, or logarithm to the base e, of the Strehl
ratio (Ln_Strehl_R.), and (3) the common, or base 10, logarithm of the volume under the
PSF when the maximum was normalized to one (Log_Vol PSF). The Strehl ratio was strictly
computed as the quotient between the intensity peak in the system’s PSF and the
diffraction-limited PSF. The volume of the PSF was calculated by adding the intensity of
each pixel of the image when all intensity values were normalized between 0 and 1. This
parameter is similar to that used with double-pass images [Villegas et al. 2002]. In figure 57,
we can see a schematic representation on the parameters used to evaluate the optical

quality of PPLs.

Although all metrics were obtained from WA, the RMS was calculated from coefficients
of the wave aberration on pupil plane while the parameters from PSF (Strehl ratio and

Log_Vol_PSF) give direct information on retinal image quality.
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Figure 57. Schematic representation of optical parameters.

6.1.2 Optical quality across relevant zones of the PPL

In order to better understand the optical behavior in each case, the WA and PSF maps
for the six tested zones of the PPL, the naked eyes and the zones of the lens plus eyes are
shown in figure 58. PSF maps were calculated on the image plane where defocus was zero.
In the locations of the corridor, C1 and C2, the ocular aberrations deteriorate the image
quality significantly more than those of the lens. In zones of the PPL outside the corridor,
astigmatism increases and becomes the dominant aberration. However, the small amount of
coma produces a higher intensity at the bottom of the PSFs. For all locations, the different
shapes of the WAs and PSFs depend on the aberrations coupling between eyes and PPL
zones. For example, for eye JO at N1, the WA map shows a very aberrated system, but the
PSF intensity is mainly concentrated in a small area. Figure 59 shows the Zernike values for
the zones of the lens. We only show up to fourth order because for fifth order, the values of
the coefficients were negligible. Small amounts of astigmatism (Zernike coefficients 3 and
5), coma (coefficients 7 and 8) and trefoil (coefficients 6 and 9), around 0.05 microns each
one for 4.5-mm pupil diameter, were found in areas of the corridor of the PPL. In the other
peripheral locations, astigmatism increases while coma and trefoil remained within the same
small values as in the corridor. The other higher aberrations of the isolated PPL are
negligible for every location. Zernike coefficients of the three eyes are presented in the same
figure to be compared with those of the lens. The magnitude of coma and trefoil in the eyes
is similar to those in the different zones of the lens. The higher aberrations are also nearly
negligible, except the spherical aberration (coefficient 12) of subject JO. The ocular values

of astigmatism are similar to those of the corridor and nearby zones of the PPL.
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Figure 58. A modulus 2n representation of the WA and the associated PSFs of the naked eyes and
the six tested zones of the PPL, measured independently and in combination by adding WAs.
Defocus Zernike coefficient set to zero. 4.5-mm pupil diameter.
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Figure 59. Zernikes coefficients of the naked eyes and the six zones of the isolated PPL, to be
compared between them. 4.5-mm pupil diameter. The Seidel aberrations corresponding to
Zernike coefficients are shown on top of the graph. The scale of astigmatism in microns can be
transformed in diopters by multiplying by 1.94.

Figure 60 presents the optical metrics (RMS, Strehl ratio and Log_Vol_PSF) of the
three eyes without lens and in combination with the six zones of the PPL, for 4.5-mm pupil
diameter. For the small pupil, 3.0-mm diameter, the optical quality is better but the relative
performance is similar to that shown for 4.5-mm pupil. The optical parameters have been
calculated taking into account all aberrations (up to fifh order) except defocus (coefficient 4).
Although, all metrics show that the optical quality is worse in peripheral locations of the lens
mainly due to the increase of astigmatism, there are significant differences between the
three metrics. For example, the optical quality of eye JO expressed by Log_Vol PSF or by
Strehl Ratio progressively decreases from naked eye to zone T3, while RMS shows an

abrupt change in zone N1.
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Figure 60. Optical parameters (RMS, Strehl ratio, Log_Vol_PSF) in the naked eyes and

in combination with the six zones of the PPL. 4.5-mm pupil diameter.
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As we will show in the section on correlations, the Log_Vol PSF is the optical
parameter that gives the highest correlation coefficient for the entire system eye plus lens,
and in particular for 4.5-mm pupil size and 100% contrast VA (see figure 64). For this
reason, we chose the metric Log_Vol_PSF for comparing the average optical quality of the
eyes plus PPL with the lens alone and with the range of intersubject variability (standard
deviation) of the naked eyes (figure 61). The optical quality of the isolated PPL decreases
very fast from corridor to peripheral zones. However, the combination of the aberrations of
the eye and the progressive lens reduces the relative differences of optical quality between
central and eccentric zones. The aberration coupling reduces the optical quality in the
corridor, while the peripheral areas remain the same or even improve with respect the PPL
alone. The optical quality of the eyes through the zones of the corridor is in the range of
variability of the eyes without lens. The corridor zones of the isolated PPL produce better

optical quality than the naked eyes.

I I I
N1 T1 T2

Zones of the PPL

I
T3

Away from corridor (mm)
Corridor 3.0 55
10 PPL
3.5 1 O Average of :
" ; eyes with PPL
%) ]
e 30 1 i
° ‘ i
>I 2.5 1 ;
o : !
o - ; :
—1 20 - : i
1561 5 L | I

Figure 61. Optical quality expressed by Log Vol _PSF of isolated PPL and average
of the eyes with the PPL, in comparison with the range of intersubject variability
(standard deviation) of the eyes without lens. 4.5-mm pupil diameter.

6.1.3 Relationship between optical parameters

Previously to study the correlations of optical metrics with VA, we analyze the

relationship between optical parameters. Strehl ratio and RMS are commonly used to
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evaluate the whole performance of optical systems. RMS and low Strehl ratio values denote
a poor optical quality. But, only for small aberrations, several equations have been derived
to express the relationship between both. [Mahajan 1982] proposed an exponential
prediction of the Strehl ratio (SR) from RMS:

2
SRzexp{—(ZT” Rmsj } (16)

where A is the wavelength. But, this equation gives the Strehl ratio with less than 10% error
as long as Strehl ratio is equal or larger than 0.3, that means a RMS equal or lower than 0.1
um. As alternative, for RMS between 0.1 and 0.2 um, we propose a similar expression

without the square:

SR= exp{— (27” RMSH (17)

Figure 62a shows the correlation of all our values of RMS and Strehl ratio, calculated
in the isolated PPL and in combination with the three subjects, for both pupil sizes. The
predictions from exponential equations 16 and 17 are also presented. As expected, the
Strehl ratio values higher than 0.3 are well predicted by Mahajan equation. Lower values are
better fit by equation (17) (R-squared values 0.92), but the prediction is worse for RMS
values larger than 0.2 um (Strehl ratio lower than around 0.15) because of the Strehl ratio
values are randomly distributed. This behavior can be better seen when considering the
natural logarithm of Strehl ratio in figure 62b. On the other hand, both optical parameters
calculated from PSF, Ln_Strehl_R. and Log_Vol_PSF, are very nearly related. In the image
plane, the intensity peak varies inversely proportional to the image spread. This means an
inverse linear relationship between Strehl ratio and the volume of the PSF normalized to
one, which results in a perfect linear correlation of Ln_Strehl_R. and Log_Vol_PSF values,

figure 62c. These parameters are related by this expression:
In_Strehl _R.=2.3(log_A-log_Vol PSF) (18)

where A is the Vol_PSF when the Strehl ratio is 1. In our estimations, the value of A is 19.
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Thus, the linear correlation coefficients of the visual acuities with Ln_Strehl_R. and
Log Vol PSF values are equal. Thus, in the following sections we only use the
Log_Vol_PSF.
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Figure 62. Relationship between optical parameters calculated for 3.0- (triangles) and 4.5-mm
(circles) pupil diameters. Strehl Ratio versus RMS with predictions from Mahajan (dashed line)
and our fitting (solid line) equations (a). Ln_Strehl_R. versus RMS (b). Perfect linear correlation of
Ln_Strehl_R. and Log_Vol_PSF (c).

6.2 CORRELATION OF VISUAL ACUITY AND OPTICAL METRICS

The study of correlations between values of visual acuity and optical measurements
allows to obtain the optical parameter which best predict visual performance. These

relationships also would permit to analyze the visual tolerance to optical aberrations.

Figure 63 shows the relationship between VA, for both low and high contrast, and

optical parameters (RMS, Strehl Ratio, Log_Vol_PSF and astigmatism) of the isolated PPL
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Figure 63. Correlation between optical parameters (RMS, Strehl ratio, Log_Vol _PSF and
astigmatism) and all VA data of the subjects, eye MA (circles), eye JO (triangles) and eye EL
(squares), taking into account only the WA of the PPL (Isolated PPL) and adding the WAs of the eyes
and the lens (Eyes with PPL). VA and linear regression for both values of contrast: 100% (black
symbols and solid lines) and 15% (white symbols and dashed lines). 4.5-mm pupil diameter.
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and in situ (PPL plus eye), taking into account all results of the three subjects. These graphs
are for 4.5-mm pupil diameter, since results of 3.0-mm pupil size show worse linear
correlation coefficients. The solid lines are the linear fitting for 100% contrast VA and the
dashed lines are the linear fitting for 15% contrast VA. The parameters RMS, Strehl Ratio
and Log Vol PSF have been estimated from whole WA (except defocus). Linear
correlations are better for the whole system eye with lens. VA versus Log_Vol PSF shows

all experimental values very close to the linear fitting.
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Figure 64. R-squared coefficients of the linear correlations between visual acuity data of the three
subjects and optical metrics, considering only PPL and the complete system eyes plus PPL

In the statistical analysis, we calculated linear R-squared coefficients and p-values for
all combinations of optical parameters and VA (figure 64). All optical metrics obtained from
complete WA (with astigmatism and high order aberrations) are significantly correlated with
VA (p < 0.05). However, there are important differences in the R-squared values. The
parameters calculated from whole WA of the system eye plus lens correlate better than
those of the lens alone. In general, when comparing results of both pupil diameters, better
correlations are found for the larger pupil size. Considering only the PPL, Strehl Ratio
presents the lowest correlation values (R-squared equal or lower than 0.3, p > 0.02). VA is
relatively well correlated with RMS, Log Vol PSF and astigmatism of the isolated PPL (R-
squared values around 0.5 for 4.5-mm pupil, p < 0.002). As expected, the majority of

correlation values are higher when considering the entire system lens plus eye. In the cases
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of 4.5-mm pupil and 100% contrast VA, all optical metrics have high values of correlation
around 0.6 or higher (p < 0.0002), and in particular, the best correlation is produced by the
parameter Log_Vol_PSF (R-squared equal to 0.76, p < 0.0001).

On the other hand, we have also studied the relationship of VA and Log_ Vol PSF
taking into account only high order aberrations (astigmatism and defocus set to zero) for the
entire system eye with the lens. But we have found any correlation between them, with

linear R-squared coefficients below 0.2 for all cases, and p-values larger than 0.1.

6.3 PREDICTION OF VISUAL PERFORMANCE FROM OPTICAL PARAMETERS

In the process of designing a PPL, it is very advantageous to be able to predict visual
performance from optical parameters. Thus, designers can a priori know the level of
acceptance and satisfaction of the future users of the PPL. Many theoretical and empirical
previous works have studied the optical quality and visual performance of progressive-power
lenses. However, as far as we know, we have not found results on optical parameters that
correlate better with psychophysical measurements in this kind of lenses for presbyopes.
From our results of correlations between optical parameters and visual acuity, a main goal of

our work has also been to find the optical parameter that better predicts the visual quality.

We have studied four optical parameters calculated from WA, two directly from WA
(RMS and astigmatism) and two from PSF (Strehl Ratio and Log_Vol _PSF) for two pupil
sizes, 4.5- and 3.0-mm diameters. In general, for the smaller pupil, the correlation values are
worse, due to the reduction of the effect of aberrations. When considering the PPL alone,
except Strehl Ratio, all optical parameters give similar values of correlation. It is well-known
that Strehl Ratio is not a convenient image quality descriptor for high values of aberrations
[Villegas et al. 2002]. Our results show good correlation values for the Strehl Ratio of the
complete system eye plus lens, because the aberrations are not too high. However, as
shown in figure 64, for the entire system PPL with the eye the parameter Log_Vol PSF is

the most adequate.

In summary, the logarithm of metrics directly related with image spread
(Log_Vol PSF, Ln_Strehl_R or equivalent) predicts slightly better VA than the RMS. This is
in accordance with previous results [Villegas et al. 2002] that show a good linear correlation
of the logarithm of the volume under the double-pass image normalized to one and VA
measurements in presence of defocus. However, in addition to image spread, the shape of

the image possibly also influences in the quality of vision [Applegate 2003, Fernandez 2002].
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For instance, when eye JO is looking through the PPL, the Log_Vol_PSF is very similar in all
zones, but in the zone N1 the PSF is very concentrated in a small circle (see figure 58). In
this particular case, these optical conditions produce a high VA, 1.25 for high contrast and

4.5-mm pupil diameter.

6.4 VISUAL TOLERANCE TO OPTICAL ABERRATIONS

The effect of different wavefront aberrations on visual performance and the tolerance
thresholds in visual ocular system is an important issue for researchers on visual optics. In
particular, the tolerance limits of astigmatism and defocus have been widely studied for
evaluating the visual quality and the acceptance of progressive-power lenses. However, the
tolerance to other aberrations present in PPLs has still not been considered. In previous
works, [Maitenaz 1967] regarded 0.3 D to be the tolerable limit of astigmatism, Davis
assumed 0.5 D and Shinohara and Okazaki proposed values up to 1 D to be acceptable. In
recent experiments done in our laboratory [Villegas et al. 2006, Villegas et al. 2008], in most
subjects, visual acuity after correction of small amounts of astigmatism (lower than 0.5 D)
did not improve. Sullivan and Fowler [Sullivan and Fowler 1989(b)] measured the grating VA
eccentrically from a midpoint on the umbilical line of three PPL’s (2.00 D near addition), in a
single subject. For all lenses, in eccentricities less than 10 degrees where the maximum
astigmatism was around 1.5 D, VA was better than 1. Our results show a VA equal or better
to 1 as long as total astigmatism (lens in combination with eye) is lower than 0.90 D (0.46-
um RMS). This value corresponds approximately to that in zones N1 and T1 (around 6

degrees of eccentricity).

In the works of Atchison [Atchison et al. 1997] and Marcos [Marcos et al. 1999] the
values of tolerance to defocus (expressed as the half of whole range for which the target
appears unchanged) were similar, around 0.50, 0.30 and 0.25 for 2-,4- and 6-mm pupil
diameters. [Campbell 1957] suggested 0.215 D to be the limit of defocus for 3-mm pupil. In
recent studies, [Atchison et al. 2005] reported a noticeable blur limit of 0.3 D for 4-mm pupil
size and letter size of 1 arc-min. [Ciuffreda et al. 2006] also included presbyopes in their
work, and they obtained a detectable blur threshold around 0.5 D for 5-mm pupil diameter
and letter size of 2.5 arc-min. In our experiments, we estimated the defocus error as the
difference between predicted from adding ocular refraction plus lens power and that
measured directly by the focus corrector system with eye looking through the lens. Although

there was a large variability in results (from 0.05 to 0.60 D), the average defocus error of
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0.20 D (for 4.5-mm pupil diameter and smallest letter size that subject was able to read) is in

concordance with previous outcomes.

Coma and trefoil are other aberrations also present in PPLs. In a recent work,
Applegate [Applegate et al. 2003] showed that values of trefoil lower than 0.2 um didn'’t
decrease high contrast VA. In our study, the combination of similar amounts of coma, trefoil
and astigmatism (total RMS around 0.1 um) of the corridor of the PPL have a very small

effect on visual performance independently of pupil size and letters contrast.

6.5 EFFECT OF FOCUS ERRORS ON OUR RESULTS

In our experiments, VA measurements were taken at best subjective focus, and the
optical measurements were processed for defocus set to zero. Thus, we supposed a perfect
response of the accommodation to changes in target vergence. In natural conditions, the
high order aberrations, and in particular spherical aberration, may influence in the
stimulus/response relationship [Plainis et al. 2005, Buehren and Collins 2006]. Furthermore,
accommodation can produce small changes in the ocular aberrations, specially in the
spherical aberration [Cheng et al. 2004, Artal et al. 2002(b), He et al. 2003]. The error in
focus and the changes of high order aberrations increase progressively with the amount of
accommodation. However, in the case of presbyopes, the small amounts of residual

accommodation may only produce very small changes in defocus and in other aberrations.

On the other hand, it is commonly assumed that the optimum defocus that maximizes
the optical quality should yield the best subjective focus [Thibos et al. 2004]. In our
computing process, we also calculated the correlations of VA and the optical parameters on
the image plane (Strehl Ratio and Log Vol PSF) where defocus maximized these
parameters. The values of linear correlation coefficients were lower (0.44 for Strehl ratio,
0.51 for Log_ Vol PSF, with high contrast VA and 4.5-mm pupil diameter) than those
obtained for defocus set to zero (0.65 and 0.76 respectively). This may be explained
because, in some images, the maximum values were found in the plane of one of both
Sturm foci or in nearby axial positions, far from the best subjective focus which was in or

around the circle of least confusion.
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Chapter 7
RESULTS (1V):

NEURAL ADAPTATION TO THE
ABERRATIONS IN PPLS
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Everybody talks about adaptation period to PPLs after dispensing. But what means

adaptation? Adaptation could be defined as the adjustment to different conditions. PPLs are
complex devices placed in front of the eyes which may change the visual behavior of
subjects. The visual system undertakes several adjustments to optimize visual performance
of PPLs. Two of these adjustments have been reported in former experiments: (1) the neural

adaptation to distortion and (2) compensatory eye-head movements.

Due to the increment of power between far and near zones, the surface topography of
PPLs change to achieve the correct blend between the different zones and it produces a
distortion of extended objects [Jalie 2005]. During the first days of adaptation, the neural
system seems to compensate this deformation. This adjustment is also produced in subjects
with high myopia who are using spectacles. The negative lenses deform the extended
objects in a barrel shape, but when a square grid is presented to a myopic subject corrected
with spectacles, he perceives the grid perfectly square. This adaptation to the shape
distortion was experimentally demonstrated by exposing subjects to photograhs of faces
which appeared horizontally stretched by an arrangement of cylindrical lenses [O’Leary and
McMahon 1991]. In another study, researchers showed that the adaptation to the three-
dimensional distortion is caused by a change in the mapping between retinal disparity and
perceived slant [Wendy et al. 2001]. In PPLs an additional problem to the distortion is the
“swimming-effect”, that is, when the subject moves body and head in normal viewing
conditions, the movement of the distortion produces a swing of the field of view [Jalie 2005].
Although this effect is particularly troublesome when walking down stairs, subjects normally

adapt to this problem during the first days or weeks wearing PPLs.

In relation to the eye and head movements, a study with 11 individuals showed
different strategies depending on the lens used to read. For single vision lenses, subjects
moved mainly the eyes, but for progressive lenses, the head movements were important,
especially in a PPL with a narrower corridor [Han et al. 2003(a), Han et al. 2003(b)]. So,
subjects adjust the eye and head movements to look through the optimal optical zone of the
lens. To make easier the movements adaptation, in the last years, the main companies of
ophthalmic lenses have commercialized PPLs with customized astigmatism distribution
depending on eye and head movements before wearing lenses. For example, for turner

eyes, the designs prioritize wider far and near areas [Jalie 2005].

As we have previously shown, PPLs present small amounts of coma and ftrefoil, in
addition to astigmatism. The wavefront aberration varies spatially across the PPLs, and the

wavefront of the entire system (eye plus lens) changes continuously due to the eye
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movements to fixate objects. It is not clear whether the adaptation to PPLs also include the
adaptation of the visual system to the optical aberrations of these lenses. Previous works
[Mon-Williams et al. 1998, Villegas and Artal 2001] suggested a temporal adaptation to the
continuous presence of defocus. Furthermore, other study proposed that the eye is adapted
to its particular aberrations, because subjective blur when viewing a scene through one’s
own aberrations was less than that when the aberrations were rotated using an adaptive
optics system [Artal et al. 2004]. These phenomena of neural adaptation might also play an
role when patients adjust to PPLs. In this chapter, we address this problem by measuring
visual acuity (VA) through different controlled areas of PPLs after subjects were adapted to

the lenses during a period of up to one week.

7.1 SUBJECTS AND EXPERIMENTAL CONDITIONS

Four presbyopic subjects, who never previously had used PPLs participated in the
study. Before beginning the experiments, the subjective refraction of every subject was
determined. The “standard” times roman letters for testing the visual acuity in near vision
[Duke 1993] was used to find the addition power for the reading distance. These are the

refraction of both eyes and the age of every subject:

PA (43 years old): RE —1.50, LE —1.50, Ad 1.00 D

LS (47 years old): RE 0.00, LE 0.00, Ad 2.00 D

MO (50 years old): RE -0.50 -0.50 x 90, LE —1.50 -0.75 x 90, Ad 2.25 D
SP (51 years old): RE +0.50 —0.50 x 90, LE +0.25 -0.50 x 90 Ad 2.00 D

The PPLs were Varilux Panamic from Essilor (18-mm corridor length and 2.5-mm inset
of the near vision) with the particular refraction and addition of each subject. We mounted
the lenses in our workshop and the spectacles were dispensed assuming a pantoscopic tilt
of 12°. For measuring the VA under controlled conditions, an identical lens for the left eyes
was placed in our system (figure 30). VA of the left eyes was measured through three zones
for intermediate vision of the PPL, all of them located 6-mm below the fitting cross. In figure
65, we can see the selected zones: within the corridor (C), 3 mm toward the nasal side (N),
and 6 mm toward the temporal side (T). For three of the subjects (LS, MO, SP), VA was
measured during the first week wearing the lenses: in the first day just before ever wearing
the PPLs and after 2 and 7 hours, and 2, 4 and 7 days later. Measurements of subject PA

were only taken during the first day.
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VA for 100% contrast was measured using a force choice method described in the
Methods chapter. Before beginning the measurements of VA, the best focus was
determined subjectively with the Badal optometer, from a myopic position for minimizing the
possible residual accommodation. Accommodation was not paralyzed and the pupil size
was controlled with the CCD video camera. Every subject had around 4.5-mm pupil

diameter.

The study followed the tenets of the Declaration of Helsinki, and signed informed
consent was obtained from the subjects after the nature and all possible consequences of

the study had been explained.

Figure 65. Selected zones to measure the neural adaptation to aberrations of
PPLs with their corresponding WAs patterns for 4.5-mm pupil.

7.2 TEMPORAL EVOLUTION OF VA DURING A WEEK OF ADAPTATION TO PPLS

Figure 66 shows the VA of the left eyes of the subjects just before dispensing the
PPLs (pre-adaptation measurement) and during the first week wearing the lenses. During
the first day of adaptation, in three of the four subjects, far from improving the visual
performance in time through the C, the VA decreases. In the zone N, the VA also decreases
in two subjects and increases in the other two. And in the zone T, the VA goes up in all

subjects except in one in whom it is stable. During the next days, in all subjects and for the
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Figure 66. VA during the first week wearing PPLs, for the four subjects when looking
through the three zones selected in figure 63, and the corresponding WA and associated
PSF of the lens in these zones.
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three zones, the evolution of the VA is stable or increases slightly. The most important
improvement of VA in time is found for subject Is and zone C. In this case the VA varies from
0.75 in the pre-adaptation measurement to 0.95 after two days of adaptation. This result
may be interpreted as a learning effect, since the values of VA in the first measurements
(around 0.75) are too small to be a zone in the corridor of the PPL. In fact, all the other
subjects have a higher VA in this zone. As expected, in zones N and T, the VA of subject PA
is higher than in the other subjects due to the lower addition power of his PPL that produces

smaller values of peripheral astigmatism.

The changes in VA are considered significant when the differences in VA are larger
than the experimental errors, calculated as the sum of standard deviations. Table 3 shows
the VA in pre-adaptation measurements and after 1 week, and the differences between
them. The significant values of improvement are marked in black. Only in three of the nine
cases, there is a considerable increase of VA during the first week. In other case, subject Is
for zone T, the improvement of 0.08 is close to experimental error of 0.13. Thus, the main
gain of VA during the week is produced looking through the zone T. As shown in figure 66,

an important part of this increment is obtained during the first day of adaptation.

Zone C Zone N Zone T

Subject Is mo sp Is mo sp Is mo sp

VAInpre- | g75 | 129 | 1.03 | 0.74 | 090 | 0.79 | 0.45 | 0.59 | 0.63
adaptation

VA after 1

0.94 1.27 0.97 0.87 0.87 0.82 0.53 0.75 0.62
week

Difference +0.19 | -0.02 | -0.06 | +0.13 | -0.03 | +0.03 | +0.08 | +0.16 | -0.01

Experimental
error

0.11 0.21 0.12 | 0.1 0.13 | 014 | 0.13 | 0.08 | 0.09

Table 3. VA values in pre-adaptation measurements and in seventh day. Positive differences note
an improvement in VA. If these differences are higher than the experimental errors (sum of
standard deviations), the improvement is significant (values in black).

We also calculated the intersubject average without considering the subject PA, since
the addition power of his lenses are significantly lower than those of the other subjects.

Theses results for each tested zone are shown in figure 67. The visual performance is better
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in the zones where the astigmatism of the lenses is lower, that is, the VA is highest in the
corridor (zone C) and it is lowest in the most peripheral location (zone T). VA is around 1.0,
0.8 and 0.6 in central, nasal and temporal zones where astigmatism values of the PPL are
0.15, 0.80 and 1.70 D respectively. In average, the VA is better after a week of adaptation,
but through the central zone, the increment of 0.04 is not significant because it is much
smaller than the average experimental errors of 0.12. In the 3-mm nasal zone, the highest
increase of 0.07 is produced in the second day of adaptation, and then it is reduced to 0.04
after a week. The VA through the zone T mainly improves after seven hours of adaptation
and this increment of 0.08 is maintained in the seventh day. This value is closer to the 0.12

of experimental error, but it is also not significant.

1.4
1.2 1
Zone C

< _
S 1.0
£
A

0.6 - Zone N

0.4 -

Pre-  3hours 7hours 2days 5days 7 days
adaptation

TIME

Figure 67. Intersubject average values (except subject PA) of VA for the three tested zones.

We find slight improvements of VA, but not significant, through the selected zones of
the PPLs during the first week of adaptation to the new lenses. While a previous work [Artal
et al. 2004] has clearly demonstrated neural adaptation to the eye’s own aberrations, the
adaptation to the wavefront aberrations of the PPLs seems more difficult, at least in the first
week. This reduced ability of the visual system to adapt to the foveal image quality through
the PPLs may be due to the exposure to a multiplicity of new aberration patterns, one for

each direction of gaze. In the case of naked eye, during normal viewing, despite the optical
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changes due to pupil diameter and accommodation, the retinal PSF preserves most of its
shape features [Artal et al. 2003]. An example of this stability of PSF in an eye with different
values of pupil diameters and accommodation is shown in figure 68. However, as shown in
figure 69, in PPLs the wavefront aberration of the entire system, eye plus lens, and the
retinal PSF is continuously changing because eye turns to fixate eccentric objects and looks

through many zones of the PPLs with different wavefront patterns.

Accommodation (D)

Pupil diameter (mm)

Figure 68. Example of the retinal PSF for different viewing conditions of accommodation and pupil size
[Artal et al. 2003]

On the other hand, we have measured subjects only the first week wearing PPLs, but
in the clinical practice, the adaptation period is longer, up to two weeks approximately. If we
had extended the experiment one week more, perhaps the tendency of VA improvement

may have followed.
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Temporal

Figure 69. Example of the left eye of subject mo when is looking through the selected
zones of the PPL. We show the movements of the eyes, the wavefront aberration of the
entire system, eye plus zone of the lens, and the different shapes of PSF on retina.

These results suggest that the neural adaptation to aberrations probably plays a
minor role in how patients adjust to PPLs, at least during the first week. In the first days of
adaptation, this adjustment may be mainly driven by compensatory eye—head movements
and perhaps gaze—contingent adaptation to the distortion rather than the blur introduced by

the lenses.
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Chapter 8
RESULTS (V):

OPTICAL COMPARISON BETWEEN
CURRENT PPLS
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In the chapter 4, we measured wave-aberrations at different locations of a particular

PPL: Varilux Comfort (Essilor International, France). However, nowadays, numerical control
lathe machines allow to generate many types of progressive surfaces with different optical
characteristics depending on design criteria. Thus, every company markets their own
designs of PPLs. The main goal of this chapter is to evaluate the optical quality of three

current PPL designs and to show the differences among them.

We use our HS wavefront sytem (figure 30) in the configuration to measure isolated
PPLs. From the HS images, WAs are reconstructed for 6-mm pupil size at the PPL plane.
The aberrations are also computed for a smaller 4-mm pupil diameter by selecting the
appropriate area, since higher pupil sizes are not very common in presbyopic eyes. Zernike
coefficients and the RMS of the WA for every tested zone are obtained. The PSFs are also

calculated from the WA.

8.1 DESCRIPTION OF THE PPLS AND THE TESTED ZONES

Since we have not commercial interest in any product, the lenses tested in this study
are simply called A, B and C. The three lenses have in common the following
characteristics: the progressive surface is on the front of the lens, glass material of
refractive index 1.6, plano

distance power, 2 D power

addition; 18-mm corridor length
Fitting cross

(vertical measurement from the
fitting cross to the center of the
near circle) and 2.5-mm inset of

the near portion.

For each of the three PPLs,
the WA was measured in 20
zones spatially distributed as a

5x4 array of locations: a column

along the corridor and at both \

1

- .‘ -
Near venﬂgatlo
circle |

sides (nasal and temporal) two n

columns 5 and 10 mm away from
corridor. Figure 70 shows these

locations of the measurement Figure 70. Measured zones with 4.0-mm in
diameter in three current PPLs.
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zones over the lens surface. Zones at the corridor are noted as C;, and N;, T, those at the

temporal and nasal side.

8.2 WA & PSF MAPS. ZERNIKE COEFFICIENTS

As an example of the differences we found between the three lenses in the WA and
PSF, figure 71a shows this type of maps (with defocus set to zero) for three zones at
intermediate vision (C, at the corridor, N, and T, at the nasal and temporal side 5-mm away
from corridor) of the three tested PPLs for a 6-mm pupil diameter. For every lens, typical
comatic shapes appear in the corridor zone. In the zones outside the corridor, astigmatism
increases and becomes the dominant aberration, although the amount of astigmatism is
different for each lens. Figure 71b shows the same results but without astigmatism; i.e, both
defocus and astigmatism set to zero. This represents the impact of higher order aberrations.
In addition to coma, small amounts of trefoil is also present in every case. It is interesting to
note that the orientation of coma changes from vertical in the corridor to oblique direction in

the peripheral zones, due to the defocus decrease outside the corridor.

The values of Zernike coefficients for all tested zones of the three PPLs are presented
in figure 72. The evolution of defocus over the lenses is shown by coefficient 4. This
coefficient and those corresponding to astigmatism (coefficients 3 and 5) are slightly
different between the lenses. The magnitude and type of high order aberrations is similar for
the three different lenses evaluated. The most important high order aberrations are coma
(coefficients 7 and 8) and trefoil (coefficients 6 and 9). Other high order aberrations,

including spherical aberration (coefficient 12), are nearly negligible in every PPL.

8.3 SPATIALLY RESOLVED OPTICAL PROPERTIES OF THE LENSES

In order to better show the spatially resolved optical properties of the lenses, mesh
and contours plots for a rectangular area of the lenses were generated from interpolation of

values of the 20 tested zones using an inverse distance method.

In any preliminary optical analysis of PPLs, it is essential to study the evolution of the
addition over the lens. Figure 73 shows the filled contour plot with iso-power lines in the
three lenses. The addition distribution is different in the three lenses. For lens A the addition
progression begins above the fitting cross, in lens B the complete addition is reached further

down, and lens C is an intermediate case. It is interesting to note that although in lens A the
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spherical power increases faster from far to near zones than in lens B, lens A has a softer

design. These differences between lenses are possible due to computer control lathe

machines are able to generate any kind of surface design.

Nasal
zone N2

Corridor
zone C2

Nasal
zone N2

Corridor
zone C2

Temporal
zone T2

Temporal
zone T2

Lens B

\

Lens C

X7 \oV N7

20 arc-min
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(b)

Lens A

—>

10 arc-min
—>

Lens C

Figure 71. A modulus 2rrepresentation of the WA maps and the associated PSFs, at three
intermediate zones (C2 at the corridor, N2 and T2 at the nasal and temporal side), as examples
of the twenty tested zones, for each PPL. (a) Considering defocus zero. (b) Considering defocus

and astigmatism zero. 6.0-mm pupil diameter.




Astig. Defocus Astig. Trefoil Coma Coma  Trefoil Sph. Ab.
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Figure 72. Zernike coefficients for the tested locations (for 4-mm-diameter zones) of the three
progressive lenses: in the corridor (yellow bars), 5 mm away from corridor (green bars for temporal
zones, red bars for nasal zones) and 10 mm from corridor (dark green bars for temporal zones, dark red
bars for nasal zones). Bars from left to right correspond to zones from far to near. The high order
coefficients (from coefficient 6 to 12) are also shown on a larger scale. The Seidel aberrations
corresponding to Zernike coefficients are noted on top of the figure.
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Figure 73. Filled contour plots of addition for 4.0-mm pupil diameter.

Figure 74 shows a 3D representation of the spatially resolved values of the RMS for
the three lenses. All aberrations were included except defocus. The behavior is similar in
every PPL, the lower values are in the corridor locations and the higher values in the
intermediate peripheral zones. However, spatial differences in the aberration distribution are
evident. Lens A shows a smoother change between central and peripheral zones than
lenses B and C. Moreover, there are also differences between the nasal and temporal
distribution. The amount of aberrations is similar at both sides of lens A, while the temporal

side is clearly less aberrated in the other lenses, in particular for the lens B.

Figure 75 shows filled contour plots with iso-RMS lines for two different conditions: (a)
only astigmatism and (b) only high order aberrations. Lens B has lower amount of
astigmatism at the temporal side than at the nasal side, so it is what can be called an
asymmetric design. In lens C, this difference is only observed in far and near vision, but not
at the intermediate zones. Lens A is the most symmetric design, because there is only
difference between nasal and temporal sides in the far vision area. In the three tested
lenses, larger values of coma and trefoil are found in the corridor where the change of
defocus is faster. In far and near areas and in the most peripheral zones, the amounts of

these aberrations decrease to half the value in the corridor.
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Figure 74. 3 D representation of the spatially resolved RMS for 4.0-mm pupil diameter,
considering defocus zero.
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Figure 75. (a) Filled contour plots of RMS considering only astigmatism, with 4.0-mm pupil
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size. (b) For only high order aberrations, mainly coma and trefoil, since the other high

aberrations are negligible.

8.4 AVERAGE RMS. HOW MUCH SOFT-HARD ARE THE DESIGNS?

Microns Diopters

0.020
0.025
0.030
0.035
0.040
0.045

0-0.1  0-0.25
0.2 0.50
0.3 0.75
0.4 1.00
0.5 1.25
0.6 1.50
0.7 1.75
0.8 2.00
0.85 2.12
Microns:

0.01-0.015

In order to evaluate the amount of total aberration of the lenses, the average RMS

values in the 20 zones were calculated for both (1) only astigmatism and (2) considering

coma and trefoil. As we can see in figure 76, the average RMS is nearly the same in the

three lenses, for both astigmatism and high order aberrations. In addition, standard

deviations are also presented. Astigmatism reflects how either soft or hard a particular

design is. Larger standard deviations denote more abrupt changes between central and

peripheral zones. Lens A has the lowest value of standard deviation for astigmatism, 0.23

um, in contrast to 0.27 um and 0.29 um of lenses B and C respectively. Following this
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criterion, lens A is the softest design, while lens C is the hardest. In summary, the standard

deviations of astigmatism denotes how much soft or hard is the design.

0.8
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Astigmatism High order aberrations
(coma and trefoil)

Figure 76. Average RMS of all tested zones of the lenses, for astigmatism and high
order aberrations (coma and trefoil) with 4.0-mm pupil diameter. The error bars are
the standard deviations.

8.5 PPLS LIKE A WATERBED

Although, in the last few years, newer designs of PPL can be produced by numerically
controlled machines, our results show nearly equal average aberrations for both astigmatism
and high order aberrations (coma and trefoil) in three different lenses. The small amounts of
coma and trefoil are spatially distributed in a similar way on the three lenses. In the
peripheral zones, high order aberrations decrease slightly and coma adopts an oblique
orientation due to the distribution of addition. However, the distribution of astigmatism varies
between the tested PPL designs. It depends on lens design philosophy, that is, what zones

are considered for minimizing the astigmatic aberration. Peripheral vision has priority in the
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softer designs, while binocular vision is taken more into account in asymmetrical designs. In
this way, the tested PPLs perform like a waterbed, where the astigmatism is the water that

can be moved but not eliminated.

The experimental data of the three PPLs of this chapter will be used to study the level

of prediction of the analytical model proposed in the appendix to describe the WAs of PPLs.
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CONCLUSIONS
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10.

11.

142

We have developed a HS wavefront sensor capable of measuring the WA at different
zones of any type of ophthalmic lens either alone or in combination with the eye. In
particular, this system has been applied to study the spatially resolved optical
performance at different locations under normal viewing conditions in progressive

power lenses.

The expected on-eye performance of the lens may be accurately predicted from the

measurement and addition of aberrations of a naked eye plus the lens.

In addition to astigmatism, coma and trefoil were found in the PPLs. In areas of the
PPL outside the corridor, astigmatism increases, while third order aberrations slightly

decrease from the umbilical line of power progression.

Some zones of the PPL have similar magnitude of coma and trefoil than in older eyes.
These aberrations and small amounts of astigmatism of the presbyopic eyes could be
coupled with those of the lens zones, modifying significantly the final retinal image

quality.

In isolated PPLs, the optical quality decreases very fast from the corridor to the
peripheral zones. However the aberration coupling with the eye tends to equalize the

retinal image quality between central and outside zones of the progressive lenses.

The small amounts of astigmatism and higher order aberrations, coma and trefoil, that
are present in the central areas (corridor, far and near zones) of progressive lenses

appear to have a limited impact on VA.

In central and nearby locations, aberration coupling between eye and PPL can even
yield slightly better VA than in the naked eye. At peripheral areas of the lens, larger

amounts of astigmatism moderately reduce VA.

The Log_Vol PSF, or equivalent, of the entire system eye plus PPL is the parameter
that best predict the high contrast VA.

The VA measurements in PPLs provide a means to determine the tolerance range of

the maximum permissible astigmatism and high order aberrations.

There is a slight improvement of VA, but not significant, through the peripheral zones

of the PPLs during the first week of adaptation. This could be attributed to the difficulty



12.

of the visual system to adapt to the multiplicity of new aberrations patters, one for each

direction of gaze.

In current designs of PPLs with power progression in the first surface, there are
differences in the spatial distribution of the aberrations but not in the average RMS
over zones, indicating that current PPLs are somehow similar to a waterbed, with the

aberrations being the water: they can be moved but they cannot be eliminated.
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Appendix

ANALYTICAL ESTIMATIONS OF
ABERRATIONS IN PPLS
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An analytical model describing aberrations in PPLs [Blendowske et al. 2006] is

studied in this section. The experimental data of the three PPLs of chapter 8 are used to
study the level of prediction of this model. Thus, this simple analytical model could be useful

for learning the optical principles of PPLs from the point of view of WAs.

A.1 ANALYTICAL MODEL OF PPL

We consider a simple analytical model of a progressive power surface extensively
used in the (patent) literature [Alvarez 1967, Sheedy et al. 2005]. The surface sagitta is
given by the following function:

f(xy)=

a 3 2
3
6(n—1)(y +3yx®) (A1)

where n is the refraction index of the lens, a is the linear vertical increase in power. The
coordinate y is considered along the centre of the corridor and coordinate x is perpendicular
to the axis y (figure A1). A graphical representation of function (A1) is shown in figure A2 for
n = 1.6 and a = 0.125 D/mm (that is, at 18-mm below the fitting cross the power addition is
2.25 D). This surface is symmetric to the umbilical line of the corridor (y axis). As expected,

the sagitta values increase from far to near zones.

Po (Xo, @
y

Figure Al. Coordinates in the analytical
model of progressive surface.
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A Taylor expansion of the Eq. (A1) is used to describe the surface in a local zone with center

in a point Po(xo Yo) (figure A1). Thus, we obtain an expression directly related with the
wavefront:

Vo + 3y X Piston
+BY XX +3(ye +X2)y' Tilts
W (X, + X, Y, +Y')= 2< +3y, (X2 +y?) Defocus (A2)
+6X,X'Y' Astigmatism
+y°+3x%y' Trefoil and Coma

where the distances from P, are expressed by x'=x- X, and y'=y- yo. In Eq. (A2), the
aberration corresponding to each term is noted. The constant term (piston) is of no interest.
We are not interested in prismatic effects (wavefront tilts) which are represented by linear

terms. So, the rest of the terms belong to defocus, astigmatism, trefoil and coma.

In table A1, these Taylor terms are related to those of Zernike (Table 1) using polar
coordinates. The radial coordinate (p) is normalized to 1 and the radius of the pupil is
denoted by rnax. Constant and linear terms of Zernike polynomials are also neglected. In the

case of astigmatism, the Taylor expansion only gives the polynomial corresponding to the
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Zernike term with axis at +45°. This approximation is not far from experimental results which
give orientations around 55° for temporal zones and 125° for nasal zones. On the other
hand, the coma and trefoil are expressed by a Taylor polynomial without terms proportional
to cosO or cos30, that means horizontal trefoil and coma are not represented. It is more or

less in accordance with experimental values in the corridor and nearby zones.

Taylor polynomial Zernike polynomial C()Z:f;?clli(:m Aberrations
2 2
(1/2) a P Yo r2max \/g 2p C4 Defocus
constant term (piston) is neglected
(1/2)a p* xo P max SIN20 \/EpzsinZG Cs Astigmatism with axis at +45°
a 3.3 . H 3ai + 3ai
(1/12) @ p° rPrax (5iN30 + 3sinB) | /8 (p’sin36 + 3p’sind) Ce. C; Vertical trefoil and coma

Term linear in p (tilt) is neglected

Table Al. Relation between Zernike and Taylor polynomials with the corresponding aberration.

Making equal the Taylor and Zernike polynomials, we can calculate the Zernike

coefficients from the data of the analytical surface expressed by equation (A1):

J3, 1

C4 = anormax CS 2[ a'XO max C6 =7 = Warmax (A3)

These coefficients are directly related to the linear progression in spherical power
along the corridor (a). The astigmatism and defocus coefficients (C; and C,) depend directly

on the square of the pupil radius (rmax). If these coefficients are transformed in dioptres by

using formulas (7), we obtain an expression according to the Minkwitz theorem:
. . X
Astigmatism = 2~ Defocus (A4)
Yo

that means that the increment of the lateral astigmatism is double that of the power

(defocus) progression along the corridor.

The trefoil and coma coefficients (Ce¢ and C;) are directly proportional to the third
power of the pupil radius. For common pupil diameters in presbyopic eyes of 4 mm and a =

0.125 D/mm, these coefficients are 0.029 um; but in eyes with higher pupil sizes, e.g. 6 mm,
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the coma and trefoil values increase to 0.100 um. Taking into account both coefficients (Ce
and C;), the RMS values are 0.04 um and 0.135 um for 4 and 6-mm pupil size. The
approximated values of Strehl ratio can be calculated by using Eq. (17). For 4-mm pupil
diameter the Strehl ratio is 0.81 and for 6-mm pupil it is 0.21. Using equation (18), the
corresponding values of Log_Vol Psf are 1.4 and 2.0. In the figure 63 (for eyes with PPL),
we can observe that these values of aberrations (RMS) and image quality (Strehl ratio,

Log_Vol_Psf) have not a significant impact in visual quality.

A.2 COMPARISON OF THE ANALYTICAL MODEL WITH EXPERIMENTAL RESULTS

In order to know how much the analytical model resembles the performance of the
current PPLs, we compare the experimental results of aberrations of the three PPLs studied

in the chapter 8 with the predictions from the theoretical model.

Firstly, we need the parameter a for estimating every aberration from the model. In
figure A3, we present a graph with the power profiles from the values of defocus in the
tested zones of the corridor. For the three lenses, the values of a are calculated between

each zone. A mean value for each PPL is estimated. Finally, the average between the three
PPLs is 0.124 D/mm.

0 —08— Lens A

E v~ Lens B Value of a (D/mm)

= —&@— Lens C

S Interval | Lens A | LensB | Lens C
§ 61 ci1-c2 | 0.110 | 0.094 | 0.103
% C2-C3 0.206 0.128 0.169
(—Su -12 4 C3-C4 0.066 0.124 0.122
% Mean 0.127 0.115 0.131
%’ 18 - Total mean = 0.124

05 10 15 20 25
ADDITION (D)

o

Figure A3. Power profile along the corridor of the three PPLs studied in chapter 8 and the values of
parameter a calculated from the spherical power differences between the zones of the corridor.
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Using this value of a, the value of astigmatism (C;) is calculated from the
corresponding Eq. (A3). Figure A4 shows the prediction of astigmatism in diopters. In
comparison with experimental data of figure 75a, the model overestimates the astigmatism
values in the most peripheral zones. The differences between the analytical and
experimental data are shown in figure A5. Negative values means that the model gives
amounts of astigmatism lower than the actual values. In the intermediate zones (from 5 to
15 mm under the fitting cross), the model predicts the astigmatism with an accuracy equal or
better than 0.37 D, in temporal zones up to 5 mm away from corridor, and in nasal zones up

to 8 mm away from corridor.
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Figure A4. Filled contour plots of theoretical astigmatism estimated from
the analytical model. 4-mm pupil diameter.
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Figure A5. Differences in astigmatism between the analytical model and the experimental
results (theoretical minus experimental results). 4-mm pupil diameter.
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As we can see in the Eq. (A3), the theoretical values of vertical trefoil and coma (Cs
and C;) don’t depend on the position of the tested zone. So, for a = 0.124 D/mm and 4-mm
pupil diameter, these aberrations have a value of 0.029 um each one. The RMS contribution
of coma and trefoil is 0.041 um. This value is agreed with experimental data of intermediate
zones of the corridor (figure 75b). Both aberrations are presented separately in figure A6.
These graphs show the profile of the aberration along the corridor and in parallel lines from
the experimental values, in comparison with the analytical amount of 0.029 um. In general,
the model only predicts with good accuracy in the zones of the corridor situated 6 and 12

mm under the fitting cross, where the spherical progression is maximum.
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Figure A6. Profiles of coma (a) and trefoil (b) from experimental values along the different
vertical lines (parallel to the corridor) in comparison with the predition from the analytical model.
4.0-mm pupil size.
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The analytical model predicts mainly the aberrations of PPLs in the corridor and
nearby zones. These results can be justified by the following reasons. The model is based in
a spherical progressive surface. The marketed PPLs have three different areas. Two of
them, used to far and near vision, are very similar to a spherical surface. The other is the
corridor, where the spherical progression from far to near vision is produced and the model
works very well. In the peripheral zones, the model overestimates the values of astigmatism,
coma and trefoil. It is due to the fact that the model is too simple in comparison with the

complex surfaces used in the manufacture of the actual PPLs.
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Spatially Resolved Wavefront Aberrations of
Ophthalmic Progressive-Power Lenses in
Normal Viewing Conditions

ELOY A. VILLEGAS, BscOptom and PABLO ARTAL, PhD
Laboratorio de Optica, Dept. de Fisica, Universidad de Murcia, Campus de Espinardo, Murcia, Spain

ABSTRACT: Purpose. To measure the wavefront aberration at different locations in progressive-power lenses (PPL’s)
isolated and in situ (PPL’s plus eye). Methods. A Hartmann-Shack wavefront sensor was used to measure progressive-
power lenses and human eyes either independently or in combination. In each selected zone, the lens was placed and
tilted accordingly to simulate natural viewing conditions. We measured 21 relevant locations across an isolated PPL
(plano lens of power addition of 2 D). In six of the locations, the wavefront aberration of the eye plus PPL were obtained
in two ways: (1) by direct measurement of the system and (2) by adding the individual wavefront aberrations of the eye
and the lens for each appropriate zone. In every case, we obtained the wavefront aberration as Zernike polynomials
expansions, the root mean square error, the point-spread function, and the Strehl ratio. Results. Along the corridor of
the PPL, third-order coma and trefoil, and astigmatism were the dominant aberrations. In areas of the PPL outside the
corridor, astigmatism increased, whereas other aberrations remained similar to the lens center. Small differences were
found between the direct and calculated methods used to obtain the wavefront aberration of the eye with the lens, and
the possible sources of errors were discussed. In some lenses zones, the aberrations of the lens may be compensated
by the particular aberrations of the eye, yielding improved optical performance over that present in the lens alone.
Conclusions. We designed and built a wavefront sensor to perform spatially resolved aberration measurements in
ophthalmic lenses, in particular in PPL’s, either isolated or in combination with the eye. The aberrations appearing in
the PPL were compared with those in normal aged eyes. (Optom Vis Sci 2003;80:106-114)

Key Words: progressive-power lenses, wavefront aberration, ocular aberration, Hartman-Shack sensor, ophthalmic
lenses
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Comparison of aberrations in different types
of progressive power lenses

Eloy A. Villegas and Pablo Artal

Laboratorio de Optica, Departamento de Fisica, Universidad de Murcia, Campus de Espinardo
(Edificio C), Murcia, Spain

Abstract

Recently, computer numerically controlled machines have permitted the manufacture of progressive
power lenses (PPLs) with different designs. However, the possible differences in optical performance
among lens designs are not yet well established. In this work, the spatially resolved aberrations, at 20
relevant locations, of three PPLs with different designs were measured with a Hartmann—-Shack
wavefront sensor. The wavefront aberration (WA), its root mean square error (RMS) and the point-
spread function were obtained. Spatially resolved plots are shown for all aberrations, astigmatism
alone, and for higher order aberrations. The average RMS of all zones is also compared, and the
standard deviation is used as a parameter to evaluate the level of hard-soft design. We find
differences in the spatial distribution of the aberrations but not in the global RMS, indicating that
current PPLs are rather similar to a waterbed, with the aberrations being the water: they can be
moved but they cannot be eliminated.

Keywords: current designs, Hartmann-Shack sensor, optical performance, progressive addition
lenses, progressive power lenses, wavefront aberration
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Visual Acuity and Optical Parameters in
Progressive-Power Lenses

ELOY A. VILLEGAS, OD, and PABLO ARTAL, PhD

Laboratorio de Optica, Department de Fisica, Universidad de Murcia, Murcia, Spain

ABSTRACT

Purposes. The purposes of this study are to explore the effect of astigmatism and high-order aberrations of progressive-
power lenses (PPLs) on visual acuity (VA) and to find a good optical metric for evaluating visual performance of PPLs.
Methods. A Hartmann-Shack (HS) wavefront sensor was used to measure PPLs and human eyes either independently or
in combination. An additional channel permits the measurement of VA under the same optical conditions. Measurements
were taken in six relevant locations of a PPL and in three eyes of different normal subjects. In every case, we obtained
the wavefront aberration as Zernike polynomials expansions, the root mean square (RMS) error, and two metrics on point
spread function (PSF): Strehl ratio and the common logarithm of the volume under the PSF normalized to one
(Log_Vol_PSF).

Results. Aberration coupling of the PPL with the eye tends to equalize the retinal image quality between central and
peripheral zones of the progressive lenses. In the corridor of the PPL, the combination of small amounts of coma, trefoil,
and astigmatism (total RMS 0.1 um) does not significantly affect VA. The continuous increase of astigmatism from corridor
to outside zones reduces moderately the quality of vision. The highest correlations between optical metrics and VA were
found for Log_Vol_PSF of the entire system eye plus PPL.

Conclusions. Ocular aberrations reduce optical quality difference between corridor and peripheral zones of PPLs. In the
same way, VA through the corridor is similar to that of eyes without a lens and it decreases slowly toward peripheral
locations. VA through PPLs is well predicted by the logarithm of metrics directly related with image spread (Log_Vol_PSF
or equivalent) of the complete system of the eye with the lens.

(Optom Vis Sci 2006;83:672-681)

Key Words: progressive-power lenses, visual acuity, wavefront aberrations, optical metrics, correlations
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An Analytical Model Describing Aberrations in
the Progression Corridor of Progressive Addition
Lenses

RALF BLENDOWSKE, PhD, ELOY A. VILLEGAS, OD, and PABLO ARTAL, PhD
Laboratorio de Optica, Universidad de Murcia, Murcia, Spain

ABSTRACT

Purpose. In the progression corridor of a typical progressive addition lens (PAL) with an addition of 2.5 D, the power
changes by roughly 1/8 D/mm. This renders a power difference of some 0.5 D across a typical pupil diameter of 4 mm.
Contrary to this fact, PALs do work well in the progression zone. To explain why, we apply a simple model to derive
wavefront characteristics in the progression zone and compare it with recent experimental data.

Methods. We consider a simple analytic function to describe the progression zone of a PAL, which has been introduced
by Alvarez and other authors. They considered the power change and astigmatism, which are second-order wavefront
aberrations. We include third-order aberrations and compare them with spatially resolved wavefront data from Hart-
mann-Shack-sensor measurements.

Results. The higher-order aberrations coma and trefoil are the dominant aberrations besides astigmatism as given by
experimental data. According to our model, the third-order aberrations in the transition zone are strongly coupled to the
power change and the cubic power of the pupil radius. Their overall contribution according to experimental data is nicely
reproduced by our model. The numeric contribution of higher-order aberrations is small and, for practical purposes, the
wavefront can be described locally by the second-order components of sphere and astigmatism only.

Conclusions. We propose a simple analytical model to understand the optics in the progression corridor and nearby zones
of a PAL. Our model confirms that for typical pupil sizes, all higher-order aberrations, including the dominant modes of
coma and trefoil, are small enough to render an undisturbed vision in the progression zone. Therefore, higher-order
aberrations have a minimal impact on the optical performance of these lenses.

(Optom Vis Sci 2006;83:666—671)

Key Words: progressive addition lens, progression zone, Alvarez lens, higher-order aberrations, coma, trefoil,
Hartmann-Shack-wavefront sensor
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